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FOREWORD 
This re;?ort was prepared by t h e  Research Labora tor ies  of Lockheed Miss i l e s  & 
Space Company, for t h e  George C .  Marshall  Space F l i g h t  Center of  t h e  Nat iona l  
Aeronaut ics  and Space Adminis t ra t ion.  The work w a s  performed under c o n t r a c t  
KAS ?-I 1266. 
of :Cnr.sA;ali Space F l i g h t  Center.  
The con t r ac t  was a h l c i s t e r e d  by t h e  Research P r o j e c t s  Laboratory 
This  Eight-Month Progress  Report descr ibes  work performed from 27 June 1964 t o  
27 February 1965. 
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PERSONNEL 
The fol lowing personnel  a r e  respons ib le  f o r  t h e  work descr ibed  i n  t h i s  r e p o r t .  
L. A. McKellar 
J. S. Blakemore 
K. I?. Cuff 
S. A. Greenberg 
C .  D. Kuglin 
E. 3 .  :<acMillan 
A. F. Slilensky 
W. 2. Spicer  
E.  3.  Washwell 
L. R. WilliaTs 
Tne program i s  being c a r r i e d  out  under the  d i r e c t i o n  of L. A. McKellar. C r i t i c a l  
review of t h e  l i t e r a t u r e  was performed p r i m a r i l y  by J. S. Blakemore. The theore-  
t i c a l  and experimental  s t u d i e s  o f  bul i i  p r o p e r t i e s  were c a r r i e d  out  by K. F. Cuff, 
J. S .  3lakernore, E.  R. Washwell, and L. R .  W i l l i a m .  &epara t ion  and c h a r a c t e r i -  
zat ior ,  of p a r t i c u l a t e  sanples  were 7erformed by S. A. Greenberg. Design and 
cons t ruc t ion  of  t h e  b i - d i r e c t i o n a l  r e f l e c t a n c e  apparatus  and t h e  i n  s i t u  measure- 
merits :.;ere perforxed by H. I?. NacMilim and A.  F. Slrlensky, a s s i s t e d  by consul-  
tatlc:: -;,-it11 R .  Z .  Rol l ing  and 0. J. 32 l l egee r ;  R. A. Breuch i n i t i a l l y  conceived 
-- 
-.. . 
L~JLJLL.L.?J.<LLS. 
Tke bar,& s t r u c t u r e  c a l c u l a t i o n s  Fiere c a r r i e d  out  by C .  D.  Kuglin. General  advice 
32 band s t r u c t u r e  c a l c u l a t i o n s  were proviced by F. Herman. Review, eva lua t ing ,  
arid intercomparison of d a t a  and information obta ined  from t h e  s t u d i e s  of p a r t i c u l a t e  
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and s i n g l e  c r y s t a l  samples was performed p r i m a r i l y  by K. F. Cuff, S. A. 
Greenberg, W. E .  Sp ice r ,  and E. R .  Washwell. 
aspec ts  of t h e  program was provided by W. E.  Sp ice r .  
General  c o n s u l t a t i o n  on a l l  
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Sect ion 1 
IhTTRODUC T I  ON 
Successfu l  ope ra t ion  of  space vehic les  demands t h a t  components be maintained 
wi th in  t h e i r  designed temperature limits. Control  o f  temperatures  on an  opera- 
t i o n a l  spacec ra f t  i s  based on the  exchange of r a d i a n t  energy wi th  t h e  v e h i c l e ' s  
environment, and t h e r e f o r e ,  wi th  the  o p t i c a l  p r o p e r t i e s  of t h e  e x t e r i o r  sur -  
f aces .  
of s o l a r  absorptance (a,) t o  emittance ( E )  . These sur faces  are g e n e r a l l y  
suscep t ib l e  t o  damage by n a t u r a l  o r  induced r a d i a t i o n  i n  space,  r e s u l t i n g  i n  
an inc rease  i n  a . 
Design requirements o f t e n  d i c t a t e  t h e  use of a su r face  wi th  a low r a t i o  
S 
O f  a l l  sources  of r a d i a t i o n  encountered i n  space,  both n a t u r a l  and induced, 
t h e  u l t r a v i o l e t  p o r t i o n  o f  t h e  soler s p e c t r m  i s  t h e  most important source of  
damage t o  low a / E  su r f aces .  2 , ;eneral, u l t r av io l e t - induced  damage i s  a t  
l e a s s  as g r e a t  as t h a t  due t o  otk;Tr f o r m  of r a d i a t i o n .  I n  add i t ion ,  a l l  space 
v e h i c l e s  a r e  exposed t o  h igh  f luxes  of s o l a r  r a d i a t i o n .  I n  c o n t r a s t ,  a l l  vehi -  
c l e s  do not  experience high doses of Van Al len ,  nuc lear ,  o r  o t h e r  forms of  high- 
energy r a d i a t i o n .  
S 
-
Over t h e  p a s t  f i v e  years  a l a r g e  body of  d a t a  on t h e  e f f e c t s  o f  s imulated s o l a r  
u l t r a v i o l e t  r a d i a t i o n  i n  vacuum on ?ow a s / €  t 'nernal c o n t r o l  su r f aces  has Seen 
genera ted  by v a r i o m  agencies  concerned wi th  spacec ra f t  (Refs. 1 - 12) .  
rerlili-wrnpnts n e c e s s i t a t e d  concentrat ion on t h e  achievement of r e l a t i v e l y  crude 
engineer ing  des ign  da ta .  Avai lable  information on so lar - rad ia t ion- induced  
damage to thermal  c o n t r o l  sur faces  i s  v i r t u a l l y  e n t i r e l y  empir ica l .  Since 
Time 
complete environmental  s imula t ion  1s  never a rh ieved  i n  t h e  l abora to ry ,  p r e c i s e  
p r e d i c t i o n  o f  behavior  i n  space f r o m  the ex is t in? ;  l abo ra to ry  t e s t i n g  d a t a  i s  
n o t  poss ib l e .  
and s p a c e c r a f t  d a t a  shown i n  Ref. 13. 
This  problem i s  demonstrated by the comparison of l abora to ry  
L O C K H E E D  MISSILES & S P A C E  C O M P A N Y  
i 
/ , 1 This r e p o r t  documents t h e  a c t i v i t i e s  and progress  of an i n v e s t i g a t i o n  i n t o  t h e  
mechanisms of solar-radiat ion-induced damage t o  t h e  o p t i c a l  p r o p e r t i e s  of z inc  
- L 
o x i d y  The f irst  e i g h t  months o f  e f f o r t  a r e  repor ted .  
Cent ra l  t o  t h e  i n v e s t i g a t i o n  i s  an experimental  s tudy  of t h e  o p t i c a l  behavior  
of p a r t i c u l a t e  samples of z inc  oxide; p a r t i c l e  s i z e  i s  e s s e n t i a l l y  t h a t  of t h e  
pigment i n  a low as white p a i n t .  Ca re fu l ly  prepared p a r t i c u l a t e  samples a r e  
exposed t o  r a d i a t i o n  of wavelengths between 0.2 and 2.6 microns (p). 
meters  be ing  v a r i e d  i n  both  i n i t i a l  exposures and s t u d i e s  o f  damage r e v e r s i b i l i t y  
a r e  t h e  f l u x  dens i ty ,  spectrum, and t ime of exposure, and t h e  sample tempera- 
t u r e  and gaseous environment. Sc lcc ted  exposures a r e  be ing  performed i n  which 
t h e  b i - d i r e c t i o n a l  s p e c t r a l  r e f l c c a n c e  of the  sample i s  monitored during expo- 
Para- 
, 
su re  ( i n  s i t u ) .  The i n  s i t u  measurements provide t h e  key t o  comprehensive -- -- 
d e t a i l e d  knowledge of o p t i c a l  dau:si:e t o  p a r t i c u l a t e  samples. I n  addi t ion ,  
s t a t i c  u l t r a v i o l e t  t e s t s  wi th  before- and af ter-exposure measurements have been 
c a r r i e d  out  t o  supplement t he  s lc , :e r ;  more thorough t e s t s  with i n  s i t u  measure- 
ments. 
-- 
A p a r a l l e l  t h e o r e t i c a l  and experimental  program t o  descr ibe  t h e  p e r t i n e n t  bu lk  
and su r face  p r o p e r t i e s  of z inc  oxide i s  underway; t h e  goa l  of t hese  p a r a l l e l  
e f f o r t s  i s  a comprehensive explanat ion G €  phenomena observed i n  the  p a r t i c u l a t e  
samples. The ex tens ive  and o f t e n  conrrad ic tory  l i t e r a t u r e  on z inc  oxide i s  
being c r i t i c a l l y  eva lua ted  and r e l a t e d  t o  t h e  observed o p t i c a l  damage. Se lec t ed  
measurements of o p t i c a l  and t r anspor t  p r o p e r t i e s  of z inc  oxide s i n g l e  c r y s t a l s  
a r e  being performed, when required,  t o  formulate  a coherent p i c t u r e  of z inc  
oxide o p t i c a l  behavior ,  o r  t o  resolve con t r ad ic t ions  and f i l l  vo ids  i n  the  open 
i i t t . r . a i U r e .  z l e c t r o n l c  energy >%I(? S ~ ~ L I . C ~ ~ _ T P  ~ 2 1  r i l l at, ions f o r  t h e  i d e a l  c r y -  
s t a l  have been performed as a point  of depar ture  f o r  t h e  understanding of e l e c -  
t r o n i c  behavior i n  r e a l  c r y s t a l s .  
The s tudy  i s  d i r e c t e d  toward i d e n t i f i c a t i o n  of t h e  primary mechanisms involved 
i n  so la r - rad ia t ion- induced  damage t o  the  o p t i c a l  p r o p e r t i e s  of ZnO-type semi- 
conductor pigments, as  exemplified by ZnO i t s e l f .  
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Knowledge of t h e  damage mechanisms would g r e a t l y  s impl i fy  t h e  problem b y  pro-  
v id ing  a r a t i o n a l  b a s i s  b’oth f o r  t he  design o f  environmental  tests and f o r  
i n t e r p r e t a t i o n  of t h e  r e s u l t i n g  da ta .  Ul t imate ly ,  such knowledge would guide 
m a t e r i a l s  s p e c i a l i s t s  i n  t h e  development of optimun ma te r i a l s .  
Tne type  of low a s / €  
i n g  made up of a pigment d i spe r sed  i n  a b inde r .  
t h e  changes i n  t h e  s p e c t r a  of such systems i s  impossible  un le s s  t h e  behavior  
o f  each component a lone  i s  first criderstood. 
taken  t o  b e t t e r  understand t h e  behavior of  t he  pigment i t s e l f .  
i s  t o  produce p o s i t i v e  r e s u l t s ,  it must concent ra te  on one pigmenting material. 
The i d e a l  m a t e r i a l  would possess  the fo l lowing  a t t r i b u t e s  : 
su r face  nsua l ly  employed on spacec ra f t  i s  a white  coa t -  
A d e f i n i t i v e  understanding of 
A d e t a i l e d  s tudy  has  been under- 
I f  t h i s  s tudy  
0 Simple, wel l -def ined  chemical and e l e c t r o n i c  s t r u c t u r e .  
0 Data a v a i l a b l e  on o p t i c a l ,  e l e c t r i c a l ,  and r e l a t e d  phys ica l  
p r o p e r t i e s .  
e Representa t ive  of a c l a s s  of  sta-lle white  pigments. 
0 I n  use  i n  promising thermal c o n t r o l  coa t ings .  
Zinc oxide possesses  each of t he  above c h a r a c t e r i s t i c s  t o  a g r e a t e r  degree than  
does any o t h e r  s i n g l e  material. ZnO i s  t h e  most widely quoted example of  a 
metal excess  (n- type)  semiconductor, and a g r e a t  d e a l  of work has been done 
w i t h  s i n t e r e d  m a t e r i a l  as we l i  as s ing le  c r y s t a l s .  Considerable progress  has 
been made i n  cha rac t e r i z ing  t h e  e k c t r i c a l  and o p t i c a l  p r o p e r t i e s  of  ZnO, 
al though it i s  b y  no means cornpleteiy understood. Furthermore, i t s  p r o p e r t i e s  
a r e  similar t o  those  of t i tan5u.n dioxide,  z i n c  s u l f i d e ,  arid s t a n n i c  oxide;  
ZnO, T i 0  ZnS, and SnO, a r e  a l l  i n  w e  as pigments i n  lxomising white  thermal  
c o n t r o l  su r f aces .  Study of ZnO, then, i s  a logical s-r;ar?;ing p o i n i  for i i i v e s -  
t i g a t i o n  of t h e  mechanisms involved i n  so la r - rad ia t ion- induced  d-mage t o  low 
as /€  su r faces  * 
2’ L 
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2 .0  ZINC OXIDE PROPERTIES A.FFECTING OPTICAL BEHAVIOR 
2.1 INTRODUCTION 
ZnO i s  a 1 1 - V I  compound semiconductor which c r y s t a l l i z e s  i n  t h e  hexagonal 
wur t z i t e  s t r u c t u r e  (&-type).  
s i g n i f i c a n t  covalent  b inding;  ZnO s tands somewhat between t h e  p o l a r  a l k a l i  
h a l i d e s  and the  covalent  bonded group I V  semicondiictors. 
The binding i s  l a r g e l y  po la r ,  bu t  t h e r e  i s  a l s o  
Tlie energy gap of ZnO is  3 .2  e V  (0.3811) a t  300f11i and appears  t o  be a d i r e c t  
gap l o c a t e d  a t  t he  c e n t e r  of the  Br i l l ou in  zone. The o p t i c a l  absorp t ion  
c o e f f i c i e n t  has  t h e  c h a r a c t e r i s t i c  s teep  r i s e  at t h i s  energy and reaciies a 
valtie g r e a t e r  than  2 x 10 cm a t  photon ene rg ie s  g r e a t e r  t h a n  tlie band gap. 
The u l t r a v i o l e t  r e f l e c t i o n  s p e c t r a  (Ref. 111) is  jiist beginning t o  r ece ive  
s e r i o u s  a t t e n t i o n  and w i l l  p l ay  a s t rong  r o l e  i l l  e l r i c ida t ing  the  o v e r a l l  band 
5 -1 
s t r u c t u r e  of  ZnO ( s e e  Sec t ion  5 )  
revea led  t h e  c l i a r ac t e r i s t  i c  l a t t i c e  absorp t ion  s p e c t r a  of  ZnO, and also 
In f r a red  s t i id ies  on s i n g l e  c r y s t a l s  have a 
d i s t i n c t  f r e e  c a r r i e r  absorp t ion  e f f e c t s .  El e c t m n  p a r m a q n e t i c  resonance, 
v i s i b l e  and i n f r a r e d  absorp t ion ,  photocondiictivity and 11uiiiIiescence sLudies 
have provided some information on tlie d e t a i l s  of Lhe inlLilii-ity l e v e l s  i n  ZiiO. 
ZnO i s  an  n-type semicondurtor:  ~101e coiidiictivily has riot been observed t o  
d a t e .  The conduction band has  a n  efL'ac?,iTre inass o f  0.77 m and an e l e c t r o n  
mob i l i t y  of 60 cm /vo l t - sec  a t  3OOOK (Ref .  15). 
0 2 Ttie r e s i s t i v i t y  of  ZnO 
c r y s t a l s  can be va r i ed  over  a wide range by dopirig:; from abolit lo-' ohm-cm 
t o  g r e a t e r  than  10l1 ohm-cm at  300OK. Extensive t r a n s p o r t  s t i id ies  have been 
c a r r i e d  ou t  on ZnO and many of i t s  b a s i c  semiconducting prwperi i t ls  iia1-e bee;; 
cha rac t e r i zed .  
Because ZnO has  been r a t h e r  thoroiighly s l u d i e s ,  t h e r e  i s  a r e l a t i v e l y  l a r g e  
amount of  information concerning i ts  t r anspor t ,  optical . ,  p h ~ t o c o n d u c t i v e  arid 
c a t a l y t i c  p r o p e r t i e s .  I n  t11e fol Igwing sec,t ions (2.2 t,o 2.3) some o f  ttiese 
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p r o p e r t i e s  of ZnO 
u l t r a v i o l e t  damage mechanism a r e  discussed i n  d e t a i l .  F i n a l l y ,  i n  Sec t ion  2.6, 
a working degrada t ion  model i s  formulated. 
which have a d i r e c t  bea r ing  on t h e  fo rmula t ion  of the 
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Before d i scuss ing  pliotoconduction and degradat ion er l 'ects  i n  ZnO, i t  i s  import- 
a n t  ~ C I  po in t  out  some of' tlie p e r t  i ncnt phenomena whi rli ocrirr at semicon~llictol* 
surfaces. For simplicit;;,  we w i l  1 consider  an n-t,>iw semiconduct o r  as i s  tlie 
case  f o r  2~10. I n  Fig. 2-la we hn-~rc jndicatpd a ssmjcond11ctor s i i r face w i t l i  a ne t  
nega t ive  charge and i n  F ig .  2 - l b  '1 -,lirface t i i t l i  a net, positive ch i rg? .  
A negative surl'oce r t i a rp  w i l l ,  or w i r s e ,  rcj'cl "1 ccl,roiis iiear tiic I ; L I I ' ~ ~ C ~  
c r e a t i n g  a dep le t ion  reg ion  (~ieplcteci  of e l e c t r o n s )  wi-111 a n e t  posi t i v p  c ~ i n r g e  
near  t h e  su r face  due t r ,  ionizd donors. Tlic pnte i i t i a l  l l n r r i e r  he ight  V i s  
prodiicecl a t  t h e  su r face ,  bending 110th thc coniliic.+ j en and valence bands upwards 
(with r e spec t  t o  t h e  hands i n  tlie vollirne of' t l i p  cr:jsL.tl). It should b e  note& 
t h a t  i n  t h i s  case holes  i n  t h e  dq ,Jp t ion  r e p i n n  are s t r o n g l y  a t t r a c t e d  Lo t he  
su r fac? .  
B 
A p o s i t i v e  su r face  charge on the otiier liaiid. w i l l  :ti lr7.ct e l e c t r o n s  toward [lie 
0 
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The plicnomcna o€ siirl’avc conrllici irln in a 7,110 cryk-t- t l  o c t - ~ i r s ,  f o r  example, 
when the  su r face  has been rcdiiced; say with hydrogen o r  excess  z inc .  This w i l l  
produce t h e  band bending shown i n  Fig. 2-lb where t h e  e l e c t r o n  conduction now 
occurs  predominately i n  t h e  accum1ll a t ion  reg ion  ncar  the c r y s t a l  su r f ace .  llie 
enhanced conduc t iv i ty  iilGcli i s  oliser.vcd i:licn s i i r fa re  condiiction occurs  i s  the  
r e su l t  of  donors d i f f u s i n g  inward t o  provide a d d i t i o n a l  f r e e  c a r r i e r s .  nie 
d i f f u s i o n  d i s t a n c e  does not  have 1 0  be any g r e a t e r  than  the  accumulation l a y e r  
depth which is  r e l a t i v e l y  small (approximately 100-1000 A ) .  
0 
Anotlier important f e a t u r e  t o  bear in i n i n t i  i s  t he  rc ln t ionz l i ip  between the Fermi 
l e v e l  i n  t h e  c r y s t a l  and t h e  lorn4 ion of tlic siir[’nce st:ttcs in energy i n  d e t c r -  
mining tlie type  and dpyrec of bmri l1c.nrling a1 tlie s i i r f a v .  F i r s t ,  l e t  us con- 
s i d e r  n neGative s l i r fxe - rhn r ,~y  s t - t ic  v r j  t l i  n miff‘ici eiii 1 :r small dens i ty  
Then i f  t h e  Fermi l e v e l  is a b w e  t l ie  c.n~rg7 I r-g-1 nY flit s1ii’facC s t a t e ,  t h a t  
su r f ace  s t a t e  w i l  I c on ta in  c lec t ron:  -tnd p r n v i ~ l ~  a i i r x p i i  ivc s i i r face ckctrge. 
If t h e  Fermi l e v e l  i s  below t h e  siwf‘?r*c SI  a i  c ,  i t ,  iiilirt clc~plF~ted of e l e c t r o n s ,  
and no negat ive  su r face  charge wi l l  r x i z t .  T l i i s  ~iio(l-L ir :  s11orm i n  Fig.  2-2 
€or t h e  two cases ,  where it w i l l  be i i c 3 t C r l  i li2t i lir iit;1iVtl t l ~ p l e t i o n  reg ion  and 
upward band bending ocriirs i n  t h r .  f i r s t  ?-J:;P anrl no l ~ n n ~ l  l j r . n d  i ni: o c c i ~ r s  i n  the 
second case .  By appropr ia te  clop jiii: of t l ic  %iiO c.r f 71 , t l i ~  Ferrni l e v e l  i n  t h e  
bilk ran tie lowered; e .  g. , down t , ~  *111prnx i i i i ? t  ~1 v 111 i I ~ J * + ; ;  I)..+ i z o n  consliic‘tion and 
valence  bands by L i  si ibst , i tuf, jonsl  i m p i i i * i  t r’ : , .  1’ i f i  t l ic>n possible LO c o n t r o l  
t h e  band beiiding at t h e  sur face  by r!i;iiic;i i i i ;  f lie -ml 1 i l i 1 0  r>lia.r?r-+eri ..;tics of 
t h e  c rys  t a l . l i t e s .  I f  t h e  siirf ace clizrge clr>iis i i,;y’ i s s11 f I’i r i c n t l  y lw-ge, 
howevpr, then t h e  Fermi l e v e l  a t  t l i ~  siirraco i i i l  1 Lr? ~ n ~ l ~ c ~ r c > d  at t h e  s i i r face 
inipurj t y  l t .ve l ,  r ega rd le s s  of the pozi t ior i  ol‘ tlic ? ’ ( > i ~ i i  icvpl  i n  t!ie biilic of‘ 
t h e  c r y s t a l .  Therefore,  it can bc seen that  modi f ica t ion  o f  t h e  p o s i t i o n  o f  
t h e  Fermi l e v e l  i n  t h e  b u l k  of  t h e  c r y s t a l l i l - e s  can prnduce marked changes i n  
i t s  su r face  p r o p e r t i e s  such as i t s  photoadsorpt ion-desorpt  ion  c h a r a c t e r i s t i c s .  
0 
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2 . 3  BULK IMPURITY STATES 
Donors 
The known donor s ta tes  are i n t e r s t i t i a l  Zn, and i n t e r s t i t i a l  L i  and Cu when 
added as i m p u r i t i e s .  Also Group I11 elements  such as G a  and I n  when i n c o r p o r a t e d  
s u b s t i t u t i o n a l l y  a c t  as donors .  These l e v e l s ,  which are si .ngly ion ized ,  e x i s t  
approximate ly  0.03 e V  below t h e  conduct ion band and a p p e a r  t o  t a k e  t h e  form of 
s imple  hydrogen-l ike i m p u r i t y  l e v e l s .  It should be noted  t h a t  a n  e l e c t . r o n  i n  
a hydrogen- l ike  impur i ty  s ta te  n e a r  a band edge w i l l  have a b i n d i n g  energy  o f  
ev 13.6 m* E =  
K2 
where m* i s  t h e  e f f e c t i v e  mass o f  an e l e c t r o n  i n  t h e  band i n  q u e s t i o n  and K i s  
t h e  s t a t i c  d i e l e c t r i c  c o n s t a n t  ( K  = 8 . 5  f o r  ZnO). 
t r o n  i n  o r  "near" t h e  conduct ion  band of  ZnO we have m* = 0 . 2 7  (Ref.13) and 
t h e  re f o  re 
A s  an  example, f o r  a n  e l e c -  
i n  r e a s o n a b l e  agreement w i t h  t h e  sing1 y i o n i z e d  s la tes  observed .  Oxygen 
v a c a n c i e s  can a l s o  e x i s t ;  t h e  sini;L;; i o n i z e d  vacancy having t h e  b i n d i n g  enerey  
o f  approximate ly  t h a t  o f  t h e  s i n g l y  i o n i z e d  i n t e r s t i t i a l  donors  and t h e  doubly 
i o n i z e d  vacancy b e i n g  approximate1 y 0 .8  ev below t h e  conduct ion  band edge. 
The doubly  i o n i z e d  state h a s  d e f i n i t e l y  been observcd i n  e l e c t r o n  paramagnet ic  
resonance  work (Ref .  1'7) ar,d b e i n g  doubly i o n i z e d  can a c t  as a n  e l e c t r o n  t r a p .  
I n  f a c t , t h e  2 .4  ev  luminescence o f  ZnO h a s  been a s c r i b e d  t o  t h e  r a d i a t i v e  
t r a n s i t i o n  between t h i s  l e v e l  and t h e  va lence  band. 
Ac cep t o  r s 
Monovalent Cu and L i  a c t  as a c c e p t o r s  i n  ZnO, when t h e y  s u b s t i t u t e  f o r  Zn 
i n  t h e  l a t t i c e .  The l e v e l  of t h e  Cu a c c e p t o r  from the v a l e n c e  band i s  some- 
what u n c e r t a i n ;  however t h e  L i  a c c e p t o r  l e v e l  a p p e a r s  t o  e x i s t  -0.85 ev  
2-7 
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above t h e  valence band. These acceptor  c e n t e r s  have a ne t  negat'ive charge i n  
t h e  l a t t i c e  when ionized,  which i s  gene ra l ly  the case ;  i . e . ,  t h e  accep to r  
l e v e l s  l i e  beneath t h e  Fermi l e v e l .  
The impuri ty  l e v e l s  are summarized i n  F ig .  2-3 .  
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2.4 FAST PHOTOCONDUCTIVITY AND TRAPPING 
A s  far as de termina t ion  of t h e  nature  and energy spectrum of  t h e  c a r r i e r  
t r app ing  states i n  ZnO i s  concerned, t h e  most comprehensive work was done by 
Hieland (Ref.  18). In  t h i s  work he inves t iga t ed  both f i e l d  e f f e c t  and photo- 
conduc t iv i ty  i n  the  sur face  conduction reg ion  of  s i n g l e  c r y s t a l s .  Bas i ca l ly ,  
t h e  f i e l d  e f f e c t  w i l l  determine t h e  e f f e c t i v e  mob i l i t y  o f  t h e  e l e c t r o n s  i n  
t h e  space charge region which i s  determined by t h e  d e n s i t y  o f  states d i s t r i b u -  
t i o n  f o r  t h e  e l e c t r o n  t r a p s ,  and the photoconduct ivi ty  determines t h e  dens i ty  
o f  states f o r  t h e  hole  t r a p s .  The e s s e n t i a l  r e su l t s  of t h e s e  s t u d i e s  can be 
summarized as fol lows:  
The t r app ing  o f  excess  holes  o r  e l e c t r o n s  is  not  determined by t h e  
dark  sur face  conduct iv i ty ,  t h a t  i s  by the  d e n s i t y  of  su r face  charges.  
The e l e c t r o n  mob i l i t y  increases  and t h e  photaoconductivity decreases  
with inc reas ing  i n t e n s i t y  Df r a d i a t i o n  with energy g r e a t e r  than  or 
equal  t o  t h e  band gap. 
e f f e c t )  and hole  t rappiug  ( from photoconduct ivi ty)  decreases  with 
inc reas ing  i l lumina t ion .  
Both o f  t h e  above r e s u l t s  would occur  i r  fthe q u a s i  Fermi l e v e l s  f o r  
t h e  e l e c t r o n  and ho le s  (earl1 quasi  Fermi level approaches t h e  cor- 
responding band edge w i t l i  i nc reas ing  i l luri i ination) are moving through 
a continuum of t r app ing  s t a t e s .  A quasi-Fenni l e v e l  i s  used t o  
desc r ibe  e l e c t r o n  and hole d i s t r i l i u t i o n s  iinder s teady  state non- 
thermal-equi l ibr ium condi t ions.  In  t'ne case of  photoconduct ivi ty  
t h e  quasi-Fermi l e v e l s  descr ibe  t h e  sepa ra t e  d i s t r i b u t i o n  func t ions  
of  t h e  e l e c t r o n  and hole  d e n s i t i e s  produced by i l l umina t ion .  
The dens i ty  o f  s t a t e s  o f t r a p p i n g  l e v e l s  f o r  e l e c t r o n s  and ho le s  
obta ined  i n  Hei land ' s  work i s  shown i n  Fig.  2-IC. The important p o i n t  
t o  note  here  i s  t h e  preponderance of t r app ing  l e v e l s  found near  t h e  
conduction and valence band edges. It i s  d i f f i c u l t  t o  i n t e r p r e t  from 
h i s  r e s u l t s  a lone  what the a c t u a l  spectrum of t r app ing  s t a t e s  is 
This says  tliat e l e c t r o n  t r app ing  (from f i e l d  
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because of  t h e  complexi t ies  of  t h e  s i t u a t i o n  a t  t h e  c r y s t a l  sur face .  
I n  f a c t ,  t h e  spectrum he f i n d s  can be reasonably accounted f o r  simply 
by assuming t h a t  t h e  quasi-Fermi l e v e l  passes  through a s i n g l e  trap- 
p ing  l e v e l  i n  t h e  reg ion  near t h e  su r face  where t h e  bands a r e  bent .  
It should be mentioned t h a t  t h i s  observed d e n s i t y  of  states could 
a l s o  be t h e  r e s u l t  of  a s ingle  l e v e l  which c rosses  t h e  Fermi l e v e l  
i n s ide  t h e  space charge l a y e r  because of  band bending. 
The e l e c t r o n  t r a p s  a r e  loca ted  at  t h e  su r face  o r  i n  t h e  space charge 
region and they  are n o t  e f f e c t i v e  i n  recombination. Also t h e  t r a p s  
f o r  e l e c t r o n s  must be loca ted  near t h e  t r a p s  f o r  ho le s  wi th  regard 
t o  t h e  d i s t r i b u t i o n  of charge; a s p a t i a l  s epa ra t ion  o f  t h e  two l e v e l s  
o f  t r a p s  would result i n  bending o f  t h e  bands and g r e a t  changes i n  
t h e  su r face  conduc t iv i ty  which i s  not  observed. 
The hole  t r a p p i n g  e f f e c t s  i n d i c a t e  t h a t  t h e  ho le s  are p ro tec t ed  
a g a i n s t  recombination with e l e c t r o n s ;  t h a t  i s , t h e  hole  t r a p s  have a 
double negat ive charge i n  t h e  t r app ing  state. 
t h e  su r face  can s a t i s f y  t h i s  requirement,  b u t  t h e  ho le  t r a p  d e n s i t y  
has  been shown t o  be independent o f  t h e  coverage of t h e  su r face  wi th  
adsorbed oyygen (ove r  four  o r d e r s  o f  magnitude).  
oxygen bound i n  t h e  l a t t i c e  may provide ho le  t r a p s  a t  t h e  su r face  o r  
a d d i t i o n a l l y  i n  t h e  bulk.  
( 6 )  
Oxygen ions  (O=) a t  
Therefore  t h e  
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2.5  SIIOW €”OTOCONDUCTIVITY 
I n  a d d i t i o n  t o  t h e  f a s t  photoconductive process  which i s  e l e c t r o n i c  i n  o r i g i n ,  
t h e r e  i s  a slow photoconductive process  which i s  r e l a t e d  t o  t h e  adsorp t ion  and 
desoypt ion of oxygen from t h e  surface.  This process  i s  cha rac t e r i zed  by a 
s luggish  r i s e  (minutes t o  days)  of the conductance diirine; i r r a d i a t i o n  and a 
sirnil-ar decay upon ces sa t ion  of t h e  i r r a d i a t i o n .  The genera l  c h a r a c t e r i s t i c s  
of t l i is  photocondiictivity,  such as i t s  time-dependcnrc and sa t l i r a t ion  level, 
depend on t h e  experimental  condi t ions such a s  1 i@it i n t  ons i ty ,  tempera1 lire, and 
ambient pressure .  The genera l  feaLur?s of the expprimcntal  resiil t s  can be 
iinderstoo4 i n  terms of t h e  photowl.;nrpl ion-desorpt  ion mechanism disciissed below. 
This slow proccss  i s  i r r e v e r s i b l e  i n  n vrtciiiim t o  t h e  ex+-ent t h a t  a l though t h c r e  
i s  a slow decay of t h e  cor,dlict,i\-i 1 - T  a f t c r  t h p  i r rnc l iz t ion  i s  si,opped. t he  
i n i t i a l  conduct iv i ty  i s  not  regained. However, admi r s i o n  of  air  accp le ra t e s  
t h e  decay and, eventual 1 y, t he  i r i i  t i a l  conduct iv i ty  i s regained. It has been 
noted. t h a t  t h e r e  i s  an a t t enda i l  pi~ps.s111~e rise j n  f i ic  system when t h e  ZnO i s  
i r r a d i a t e d  and a corresponding tlcrIrrn:,c. i n  t l i r .  Lii-Pssiirf- when t h e  i r r a d i a t i o n  
i s  s topped.  The k i n e t i c s  of  1,Iii s pliofmlrsc~-pLiivc anfl plintonrlsorptive process  
have been ex tens ive ly  i i ivest igatrcl .  
of t h e  slow photoconductance bch-t-, i?r a r e  rk t r rn i inc~ l  by 
p h ~ t ~ a d s o r p t i o n - d e s o r p t i o n  procers .  
and su r face  p o t e n t i a l  mrasuremerits o r  ZnO give  a fl ir t l icr  clirc t o  the  processes  
involved.  
pii:icically and chemically,  t h e  cherrii so rhe~ l  form res11 1 t inir i n  a. nrgxt ive  suryace 
charge.  The exac t  spec ie s  involved have n o t  been consl l is ively determined, bu t  
t h e  most l i k e l y  cnemisorbed forms are 0 arid 0 . i r i e i i  a ~ t i v a t l o n  elieigies 112 
i n  t h e  range 0.5 ev t o  1.3 ev; tlie phys ica l ly  adsorbed spec ie s  about 0.05 ev .  Re- 
duced ZnO, on the  o the r  liand, has been :;lio~an t o  haw i]. positive s l ~ r f a c e  charge.  
AS an example, hea t ing  ZnO i n  an atmosplisre of I i  
r e s u l t s  i n  a p o s i t i v e  sur face  charge. 
fi0 llave heen kjroiig11t a\)c)i!l by vari3t i o i k -  i n  f \ I C >  F P Y T I ~ ~  i rIv(’1 :I.; 7 rc’zlll t of 
0 
. 
Tiic res111 ts clear1 :q show t h a t  t h e  l i i n e t i c s  
hc k i n e t i c s  of t h e  
ZI,iidicr, of‘ tlic I ’ l iqtocatalyt ic  behavior 
I n  p a r t i c u l a r ,  it has b e w  :;hoiin tliat oxyfyn is adzorbed.  b o t h  
- - 
Tm 
 
a t  ~ ~ l e v r t l c d  t tniperntures 
2 
AI S O ,  cllailgcs i n  tiic :.rlrTatcc r l i n r p  of 
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b u l k  doping oi’ t he  c r y s t a l .  
when incorpora ted  s u b s t i t u t i o n a l l y )  lowers tlie su r f ace  charge by emptying t h e  
nega t ive ly  charged siirface s t a t e s  as a r e s u l t  o f  t h e  lower Fermi l e v e l .  
Doping with L i ,  f o r  j n s t ance  (wliicli i s  a n  ar.ceptor 
With t h i s  background information we a r e  i n  a p o s i t i o n  t o  disclw,s a mechanism 
which b e s t  r e l a t e s  these observatj oxis. The nega t ive ly  charged su r face  resu l  Ling 
from t h e  adsorp t ion  of oxygen on ZnO i s  considered t o  c o n s i s t  of nega t ive  
oxygen ions whicli have been formed by t h e  t r a n s f e r  o r  conduction e l e c t r o n s  t o  
the  adsorbed spec ie s .  I f  adr,orberl  a t  low temperatiires 0- i s  considered t o  be 
the  predominant spec ie  and i f  adsorlled a t  higli t emp  ra i i i r e s  (above 2OO@C) O= 
i s  mwe l ike1  y.  I n  add i t ion  t o  these  chemi sortird spec ie s ,  pliysri c a l l y  aclsorbccl 
oxygpn i s  a l s o  p re scn t .  Thp adsorpt ion of oxyf-n on tlie slwface thus  g i w s  
r i s e  io a decrease i n  conduc t iv i ty  11:y removing el e r t rons  from t h e  conduction 
band.  This e l e c t r o n  t r a n s f e r  c r ea t e s  a cornp,en?atin(: space charge l a y e r  of 
i on ized  donors and a Schottky b a r r i e r  i s  Cormed. i.t.. , 1,he ncent ive  charge on 
t h e  su r face  g ives  r i s e  t o  an iiptrsrrl t~ :m~l-hcr id in~  a t t,iif. siiri‘ace. Th i s  i s  tlie 
normal. conf igura t ion  of a Znr) s1mr-tc.e i n  air. 0 
The adsorbed ions  can be desorbed by i l l imina t  inc< i lie ziirfncc with \.wid-gap 
l i g h t  i n  t h e  fol lowj ng way. When hand gal) I i [;lit ,  is i i i(’ if lent on an oxid ized  
ZnO si i r facc,  i . e . ,  one t h a t  has a ncri;?tivrly ~ - 1 ~ ~ 1 . c ; c ~ r l  oy:ywn mirface l a y e r ,  
an e l ec t ron -ho le  p a i r  i s  c rpa ted  arid f lie tio.Ic’,: : i i l  1 i ) n  :iccelcrate? b y  t,he f i e l d  
t o  t h e  su r face  whew they  n e u t r a l i z r  a ner:nLive cliai-’,-~~ on tlic oxygen. The 
oxygen i s  now only p l iys ica l ly  adsorbed. ‘Flip c.1 ec t rqn  ~ . r ~ n l  pd 1 1 : ~  tlie a c t i o n  
of tlje l i g h t  i s  weakly a t t r a c t e d  t o  t,llis physic all^ a d r , o r t ~ e d  oxygen and i s  
a v a i l a b l e  f o r  conduction only  a f t e r  t h e  ox,:i:en i s  d c s o i - l ~ ~ d .  “ni is tlie r a t e  
of i nc rease  i n  photoconduct ivi ty  i s  determi nod by I J I P  r?t,e oI‘ desorp t ion  of 
tlie p h - ~ s i c a l l y  adosrbed oxygen. Tliercfqre, i t can i ) c  . ;ten t , I m  t Llie plioto- 
condiictive response w i l l  i nc’rpase a t  a r a t e  wl i ic ’ l i  i:, j iii ti? 11 ,J re1 a t i v e l y  
iiitlcpcr:ndent of‘ t h e  ambient oxygen pwssiirc. Ihwvcr ,  f I I ~  r : t t ~ i r . ~ t i c l n  va lue  o f  
t h e  photoconductivi  f y wi 11 deppnti on Llic ~ 1 1  i < - l i t  nvxJtypii 171-c  - s i i r n  s i ic~i  t h a t  
i n  a vaciiiun the  photorrlnri1ict ivit;y * r i l  1 z l iwr  I ~ ~ L - Y ~ I ~ I ~ L I  i n r r n i z p  :rhicii w i l l  
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ultimate1.y s a t u r a t e  a t  miich higlier 1cvel.s t h a n  t h e  corresponding l e v e l  i n  an 
oxygen atmosphere. 
When t h e  i r r a d i a t i o n  i s  stopped: the  decay  t ime of t h e  photocondiictivity i s  
e s s e n t i a l l y  determined by the rate a t  which c l e c t r o n s  can overcome the su r face  
b a r r i e r  t o  c r e a t e  chcmisorbed oxygen from the physical. adsorbed oxygen. 
oxygen i s  admi-t,ted t o  t h i s  system, the r a t e  of deray i s  increased  becaiise 
t l icre axe  more physical  ly adosrbed oxygen s i t e s  t o  accommodate t h e  e l e c t r o n s .  
When 
I n  gen2ra1, t hese  processes  appear t o  dominate t h e  71 ow pliol,oc.ondiictivc c f f e c  ts. 
However, t h e  s i t u a t i o n  i s  i n  fact, rriiicli more complicabed. As an e:tmple,  dur ing  
t h e  slow process  d i f f u s i o n  o f  sriclt pccics as oxyg:cn vacancies  and excess  z inc  
may occur .  This d i f f u s i o n  not  01117 w o i i l d  modiry the. r a t e  o f  t he  observed 
e f r e c t s  but through e l e c t r o n  t r i p p j  ng ran modify thc c 1 c c t ron  mob i l i t y  i n  t h e  
space charge reg ion  and consequently t h e  mngn i tlidc of thc photoconductive 
e f f e c t s .  0 
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2.6 WORKING DEGRADATION MODEL 
Obviously, t h e  degradat ion of t h e  o p t i c a l  p r o p e r t i e s  o f  ZnO by u l t r a v i o l e t  
r a d i a t i o n  j s  a complicated phenomenon. However, i n  t h i s  s ec t ion ,  we would l i k e  
t o  o u t l i n e  a degradat ion model i n  a gene ra l  scnse and then  po in t  ou t  tllose 
f e a t u r e s  which a r e  uncer ta in  at t h e  p re sen t  t ime. For t l i is  o u t l i n e ,  we w i l l  
f i r s t  s ta r t  with a ZnO p a r t i c l e  i n  an oxygpn atmosphere. 
shown i n  F ig .  2-IA) shoulrl t ake  on n n e t  nega t ive  charge diic t o  e l e c t r o n s  bound 
t o  the  oxygen atoms at tlie s i i r facc.  Tlie potent , ia l  h a r r i e r  produced a t  t h e  sur- 
face  i s  such t h a t  e l e c t r o n s  w i l l  be r e p e l l e d  and lioles will he a t t r a c t e d  to t h e  
su r face  wi th in  t h e  space charge layer. Tlie voliinic npa1’ iJie su r face  w i l l  t h e r e -  
f o r e  be a dep le t ion  reg ion  becaiise ZnO i s  an n-t,.ypp z ~ m i c o r ~ ~ l i i c t o r .  
The su r face  (as 
When u l t r a v i o l e t  r a d i a t i o n  of energy? greal,cr Llian {,he i nLr i n s i c  energy gap 
(3 .2 ev) i s  i n c i d e n t  on the sample, e l c c t i - o n - l i ~ ~ e  p a i r s  are c r e a t e d  wi th in  the  
b u l k  of t h e  c r y s t a l  o r  p a r t i c l e ;  the absoq l t ion  deptli f o r  t he  r a d i a t i o n  i s  a 
t e n t h  of a micron o r  l e s s .  The e l ec t rons  Iiavc ~ l i f f i ~ i l  t T ~  j n g e t t i n g  t o  t h e  
su r face  b u t  t h e  holes i r i l l  b e  accelerated to t l i r .  slirf?ce b:; Lllc a c t i o n  of t h e  
s t r o n g  e l e c t r i c  - f ie ld  i n  t h e  space charge rey;icw. Thp holes recombine vi t h  
t h e  0- a t  t h e  sur face  and change the owgeii from the  chemi-sorbed t o  t h e  phys- 
i c a l l y  adsorbed form which then  can l eave  the surf‘ace with r e l a t i v e  ease. The 
a c t i v a t i o n  energy f o r  phys i ca l  adsorp t ion  i s  roiighly 0.05 ev. This process  
r e s u l t s  i n  oxygen leavj i ig  the  surface which bemmes Zn r i c h .  Furthermore, 
this Zn r i c h  sur face  l a y e r  g ives  a p o s i t i v e  con t r ibu t ion  t o  su r face  charge, 
thus  decreas ing  the  ban? bendinr: ‘ ~ i i r i  potcnt ial Iiari-icr nf [lie s i i r fve .  A s  
tlie degrada t ion  proceeds t h e  siirf:tce rharge  will tcncl t r 2  change t o  a ne t  pos i -  
t i v e  cnarge ana t h e  nanas a t  tkip ,111-  race w i  L I t)c;:in to t l 6 ’ 1 i ~ t  a r w n  (sep 11.g. 
2- lB) .  
s u r f a c e  t o  overcome and t h e  rate of‘ cliarge n e i i t r a l i z a t i o n  ,slows clown severe ly .  
Thus t h e  degradat ion process  (loss of oxygen) proceeds i ~ i i t ~ i a l l y  a t a i x t e  
l a r g e l y  determined by the  rate of evolut ion of nclsorb.cd oxygen and evcni l ia l ly  
0 
Under t h i s  condi t ion  t h c  Iioles havc a rctnrciiny; potential a t  t h e  
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a t  a r a t e  l i m i t e d  by the  a r r i v a l  of h o l e s  through t h e  r e t a r d i n g  p o t e n t i a l  o f  
t he  p o s i t i v e  sur face  charge. 
With t h i s  genera l  t r e n d  ou t l ined ,  the next s t e p  i s  t o  a s c e r t a i n  what changes 
produced by t h i s  oxygen loss manifest  themselves as t h e  permanent damage ob- 
served i n  var ious  s p e c t r a l  reg ions  Of t h e  r e f l e c t i v i t y  from pigments. Two 
genera l  consequences are expected t o  result from t h e  oxygen loss. Changes 
i n  t h e  band-bending can be expected t o  modify t h e  a v a i l a b i l i t y  f o r  o p t i c a l  
abso rp t ion  o f  t h e  impurity states a l ready  p resen t  i n  t h e  ZnO c r y s t a l l i t e s  be- 
cause of changes i n  the  r e l a t i v e  p o s i t i o n s  of t h e  impurity states and t h e  
Fermi l e v e l .  Diffusion of‘ d e f e c t s  and i -mpuri t ies  i s  a l s o  expected t o  occur  
and would g ive  r i s e  t o  a d d i t i o n a l  absorpt ion.  
There i s  i n s u f f i c i e n t  information a t  t h i s  time t o  s p e c i e  the  exac t  na ture  
of t h e  impurity s t a t e s  g iv ing  r ise t o  t h e  op t , i ca l  absa rp t ion  observed i n  t h e  
damaged ZnO pigments. We can, however, make some comments as t o  t h e  impuri- 
t i e s  t o  be expected. With t h e  loss of  oxygen fronl t he  sur face  both i n t e r s t i t i a l  
Zn and oxygen vacancies  can be expected t o  d i f f u s e  i n t o  the  material. It should 
be po in ted  o u t  t h a t  t h e  problem o f  p r e d i c t i n g  d i f f r i s ion  rates i n  t h e  pigments 
i s  ve ry  d i f f i c u l t .  Even i f  t h e  d i f f u s i o n  r a t e s  of the impur i t i e s  were we l l  
known i n  s i n g l e  c r y s t a l s  - and the re  i s  much con t r ad ic t ion  i n  t h i s  area - 
t h e  complexi t ies  of t he  i n t e r a c t i o n s  near  t h e  su r face  o f  the c r y s t a l l i t e s  
p reven t s  r e a l i s t i c  e s t ima tes  of these d i f f u s i o n  r a t e s  i n  the  pigments with 
our p r e s e n t  information. 
as t h e  impur i t i e s  we can i n d i c a t e  some of t h e  consequences. I n t e r s t i t i a l  Zn 
p rov ides  r a t h e r  shallow (-0. O’j  e V )  donor s t a t e s  and oxygen vacancies  provide 
However, assuming i n t e r s t i t i a l  Zn and oxygen vacancies  
donor s t a t e s  aboiit. (1.8 el! ~ ~ I c ? : I  t i l e  ccEductioii  balid. The d e n s i t i e s  of 
i m p u r i t i e s  expected i n  t h e  degraded material these l e v e l s  a r e  expected t o  be 
cons iderably  broadened ; t hus  if these l e v e l s  were p re sen t ,  s i g n i f i c a n t  
abso rp t ion  should be observed i n  the material f o r  photon ene rg ie s  from about 
2.1 e V  t o  3 .2  e V ;  t h a t  is, over  t h e  wavelength interval .  o f  .38 t o  .6 p. 
2- 17 
LOCKHEED MISSILES & S P A C E  C O M P A N Y  
I n  t h e  in f r a red  two types  of absorp t ion  can occur  as a result of  t h e  degrada- 
t i o n .  F i r s t ,  t h e  ex i s t ence  of l e v e l s  with ene rg ie s  up t o  1 eV below t h e  con- 
duc t ion  band can provide absorp t ion  f o r  wavelengths longer  than  1 p. Also ,  
s ince  Zn i n t e r s t i t i a l  and oyygen vacancies  are donors,  t h e  e l e c t r o n  d e n s i t y  
i n  t h e  bulk of  t h e  c r y s t a l  can be increased,  which would r e s u l t  i n  increased  
free c a r r i e r  s c a t t e r i n g  absorp t ion .  It should aga in  be emphasized t h a t  t h e  
d a t a  p r e s e n t l y  a v a i l a b l e  does not a l low an unambiguous assignment of t h e  
l e v e l s  g iv ing  rise t o  t h e  o p t i c a l  absorp t ion  observed i n  t h e  degraded m a t e r i a l .  
There i s  one consequence o f  tlie degradat ion model which should be poin ted  ou t .  
The model would p r e d i c t  t h a t  t h e  photodesorpt ion ra te  of  oxygen from tlie 
su r face  should be s i g n i f i c a n t l y  re ta rded  if t h e  Fenni  l e v e l  i n  t h e  bulk  of  
t h e  c r y s t a l l i t i e s  can be lowered s u f f i c i e n t l y .  This should occur  r e g a r d l e s s  
of whether t h e  Fermi l e v e l  is pinned a t  t h e  sur face  s ta te  energy or not .  If 
it is  not pinned and t h e  Fenni l e v e l  can be lowered beneath t h e  su r face  s ta te  
energy t h e  su r face  charges w i l l  be deple ted  of e l e c t r o n s  (see Sec t ion  2 .2 )  
and t h e  photodesorpt ion rate should be decreased. If t h e  Fermi l e v e l  is  pinned 
a t  the sur face  (which w i l l  occur  at l a r g e  sur face  coverage) a lower Fermi 
l e v e l  i n  t h e  bu lk  o f  t h e  c r y s t a l l i t e s  w i l l  def-rease tile band bending. It can 
even cause t h e  bands t o  t u r n  dowu a t  t h e  siirfac-e dcpciiding upon the  re la t ive  
l e v e l  of t h e  bulk  Fermi l e v e l  and the su r race  s t a t e  energy. Tnis  decreased 
band bending w i l l  a l s o  t end  t o  dersrease t h e  photoilesorption r a t e .  
a 
The lowering of  t h e  Fermi l e v e l  i n  t h e  bulk of  Llie c r y s t a l l i t e s  can be 
accomplished by Cu o r  L i  s u b s t i t u t i o n a l  doping. However, doping the  p i g e n t s  
with Cu o r  L i  w i l l  tend t o  g ive  added o p t i c a l  absorp t ion  i n  t h e  energy 
region Just, h e l n v  +.he b a d  gap, szch that the overall  ii i b i l ~ u i e  r e l i e c i i v i t y  
may be s l i g h t l y  lower than  t h a t  for an  undoped pigment. Thus,  with doping, 
t h e  pigment might s tar t  o u t  s l igh t l j r  degraded b u t  subsequent u l t r a v i o l e t  
degrada t ion  may be great1.y reduced if not e l imina ted .  
The s p e c i f i c  a p p l i c a t i o n  O C  t h i s  model t o  tlie experirncntal  r e s u l t s  of t h e  de- 
g rada t ion  e f f e c t s  observed i n  ZnO pi tments  w i l l  be  discussed i n  Sec t ion  6. 
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3.0 S I N G L E  CRYSTAL MEASlJRlDENTS 
The sing1.e c r y s t a l  measurements r e p o r t e d  i n  t h i s  s e c t i o n  were c a r r i e d  o u t  t o  
o b t a i n  c e r t a i n  fundamental  in format ion  about  t h e  fast  photoconduct ive  p r o c e s s  
and i m p u r i t y  l e v e l s  i n  ZnO. This work w a s  under taken  t o  p r o v i d e  i n f o r m a t i o n  
which was n o t  a d e q u a t e l y  covered i n  p r e v i o u s  i n v e s t i g a t i o n s  o f  ZnO and which 
we f e l t  was impor tan t  i n  u l t i m a t e l y  f o r m u l a t i n g  t h e  u l t r a v i o l e t  d e g r a d a t i o n  
mechanism i n  ZnO pigments .  
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3. I SPECTRAL, DEPENDANCE OF ABSORPTION A h D  PHOTOCONDUCTIVITY 
The o p t i c a l  absorp t ion  d a t a  on a n  undoped ZnO c r y s t a l  ( excess  Zn) and a L i  
doped c r y s t a l  were taken  on a Car, .  14 (double-beam g r a t i n g  spectrometer)  from 
0 . 3 5 ~  t o  2.8~. Samples a r e  descr ibed i n  Table 3-1. "ne r e s u l t s  are shown i n  
Fig.  3-la and 3-lb.  The f i rs t  poin t  t o  note  i s  t h e  apparent  s h i f t  o f  t h e  
fundamental abso rp t ion  edge -to lower e n e r a  ( a  s h i f t  o f  -0 .04 eV)  with t h e  
L i  a d d i t i o n .  This  s h i f t  i s  e i t h e r  t he  r e s u l t  of a h igh  d e n s i t y  of  shal low 
acceptor  states o r  a deformation of t h e  l a t t i c e  i t s e l f  due t o  t h e  h igh  i m -  
p u r i t y  concent ra t ion .  O u r  absorp t ion  d a t a  does not  go t o  high enough va lues  
of t h e  absorp t ion  c o e f f i c i e n t  t o  resolve t h i s .  The most noteworthy f e a t u r e  
i s  t h e  broad absorp t ion  t a i l  i n  the Li-doped sample which extends t o  about 
0.75 microns. 
Before d i scuss ing  t h i s  absorp t ion  in  g r e a t e r  d e t a i l  we should f i r s t  d i s c u s s  
t h e  s p e c t r a l  dependence of t h e  photoconduct ivi ty .  The measurements were 
c a r r i e d  ou t  a t  room temperature i n  a i r  on t h e  Li-doped c r y s t a l .  Radiat ion 
from a Xenon compact a r c  source was passed through a Perk in  Elmer-112 
monochromator and then  brought t o  a focus  on t h e  sample. The chopping €re- 
quency of  1 kc w a s  chosen t o  insure t h a t  only t h e  f a s t  plriotocouductive process  
was be ing  observed. Die observed photoronductive s i g n a l  i s  shown i n  Figure 
3-la as a func t ion  of wavelength. The measLwements were c a r r i e d  ou t  t o  
6 microns but  no o t h e r  pliotocondiictive s ig i ia l s  were de tec ted .  
duc t ive  response and t h e  absorp t ion  edge d a t a  on the Li-doped sample are com- 
pared i n  Figure 3-1. The e s s e n t i a l  f e a t u r e  i s  tliat t h e  photoconduct iv i ty  
which we are observing i s  a - bulk  as opposed t o  a su r face  phenomenon. The 
0 
Tlie photocon- 
f o l  lowing I_rg;ltln.efit SI-lpFO'tC. this c+.&tnrnonr_. It is tz b e  ::oted t h a t  the I;Iloto- 
conduct ive s i g n a l  decreases  as t h e  abso rp t ion  coef f  ic ie r i t  increases  sha rp ly  
due t o  t h e  band-to-band absorp t ion  ( t h e  fundamental band edge) .  The sample 
s u r f a c e  w a s  purposely not etched, thus  provid ing  a su r face  with a high recom- 
b i n a t i o n  r a t e .  Therefore ,  i n  these  experiments r a d i a t i o n  which i s  absorbed 
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very  c lose  t o  t h e  su r face  (h igh  absorp t ion  c o e f f i c i e n t )  does not g ive  r ise t o  
a photoconductive s igna l .  The next f e a t u r e  t o  note  i s  t h a t  t h e  s i g n a l  peaks 
a t  t h a t  wavelength fo r  which t h e  absorp t ion  c o e f f i c i e n t  corresponds approxi- 
mately t o  t h e  r e c i p r o c a l  of t he  sample th i ckness  ( -0.04 cm). A t  l onge r  wave- 
l e n g t h s  an  inc reas ing  amount of the i n c i d e n t  energy i s  t r ansmi t t ed  through t h e  
sample, due t o  t h e  decreas ing  absorpt ion c o e f f i c i e n t .  The photoconductive 
response decreases  p ropor t iona te ly .  Consequently, it is  c l e a r  t h a t  t h e  
observed photoconductive e f f e c t  i s  a bulk phenomena. 
\ 
Since ZnO shows only  n-type conduction, t h e  photoconductive s p e c t r a l  response 
must be a s soc ia t ed  wi th  t h e  e x c i t a t i o n  of  e l e c t r o n s  from acceptor  l e v e l s  t o  
t h e  conduction band. The photoconductive response t u r n s  on a t  2.25 eV, t hus  
i n d i c a t i n g  t h a t  t h e  accep to r  l e v e l s  involved are loca ted  about 0.95 eV above 
t h e  va lence  band. This  i s  i n  good agreement with previous assignments o f  t h e  
L i  accep to r  l e v e l  (approximately 0.85 e V ) .  Refer r ing  t o  Fig.  3-lb it w i l l  be  
noted t h a t  t he  o p t i c a l  absorp t ion  of  L i  doped s i n g l e  c r y s t a l s  begins  a t  ap- 
proximately 1.6 eV. 
t o  cause photoconduct ivi ty ,  and thus i n d i c a t e s  t h a t  w e  are looking  a t  add i t iona l  
abso rp t ion  due t o  t r a n s i t i o n s  from the  valence hand t o  donor l e v e l s  above t h e  
middle o f  t h e  energy gap. To determine if t h i s  i s  reasonable  we f irst  must 
e s t a b l i s h  t h a t  t h e  Fermi l e v e l  i s  a t  least  t h i s  fa r  below t h e  conduction band, 
because only  then w i l l  s t a t e s  above t h e  Fermi l e v e l  be a v a i l a b l e  f o r  o p t i c a l  
t r a n s i t i o n s  from t h e  valence band. 
0 miis  i s  c e r t a i n l y  a much lower energy than  t h a t  r equ i r ed  
The e l e c t r i c a l  r e s i s t i v i t y  and thermoelec t r ic  power were measured a t  room tem- 
p e r a t u r e  on a Li-doped s i n g l e  c r y s t a l  i n  an a t tempt  t o  e s t a b l i s h  t h e  Fermi 
l e v e l .  These measurements were done i n  r7ir and. x i - th  2" e , x p r h c r , t a l  t;n-m.ge- 
ment designed t o  minimize su r face  conduction e f f e c t s .  The measured r e s i s t i v i t y  
( p  
t h a t  t h e  Fermi l e v e l  i n  t h e  volume of t h e  c r y s t a l  w a s  approximately 0.7 e V  
below -the conduction band. When these measuremen-ts were c a r r i e d  o u t  i n  vacuum, 
lolo ohm cm) and Seebeck c o e f f i c i e n t  ( Q  = 1.9 mV/°C) would both i n d i c a t e  
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sur face  conduction e f r e c t s  were qu i t e  evident .  The r e s i s t i v i t y  and Seebeck 
c o e f f i c i e n t  measured i n  vacuum both i n d i c a t e  t h e  Fermi l e v e l  w a s  milch c l o s e r  
t o  t h e  Conduction band i n  t h e  sur face  conduction reg ion  than  i n  t h e  measure- 
ments  c a r r i e d  o u t  a t  atmospheric pressure.  The reason f o r  p o i n t i n g  t h i s  o u t  
i s  t h a t  even i n  a i r ,  su r face  conduction e f f e c t s  could predominate and t h e  t r u e  
bulk  r e s i s t i v i t y  can be far h ighe r  t han  w a s  measured. Therefore ,  t h e  bulk  
Fermi l e v e l  may be q u i t e  a b i t  f a r t h e r  from t h e  conduction band than  t h e  0.7 e V  
which was measured. Landers ( R e f .  19) c a r r i e d  out  r e s i s t i v i t y  measurements 
on L i  doped s i n g l e  c r y s t a l s  a t  much h igher  temperatures  t o  minimize t h e  e f f e c t  
o f  su r f ace  conduction ( t h e  bulk r e s i s t i v i t y  decreases  by o r d e r s  of  magnitude 
a t  h ighe r  tempera tures) .  
1.7 e V  below t h e  conduction band. We p lan  t o  ca r ry  out  ou r  own r e s i s t i v i t y  
measurements t o  h ighe r  temperatures  t o  unambiguously e s t a b l i s h  t h e  Fermi l e v e l  
i n  o i i r  own c r y s t a l s .  If t h e  Fernii l e v e l  i s  indeed t h i s  deep, then  t h e  observa- 
t i o n  o f  absorp t ion  down t o  photon pnergies  of  1 .6  e V  i n d i c a t e s  t h e  ex i s t ence  
of r a t h e r  deep impurity s t a t e s  of a s i g n i f i c a n t  d e n s j t y  even i n  these  r e l a t i v e l y  
He found t h a t  t h e  Fermi l e v e l  could be as low as 
a pure  s i n g l e  c r y s t a l s .  
There i s  an  a l t e r n a t i v e  explana t ion  f o r  t h e  1 . 6  e V  t u r n  on o f  absorp t ion  which 
we feel ,  however, is  not  t o o  probable.  l l i i o  would involve t r a n s i t i o n s  between 
t h e  L i  acceptor  l e v e l s  and perhaps t h e  o,xygen vacancy l e v e l  beneath t h e  con- 
d u c t i o n  band; t h e  e n e r a  d i f f e rence  between t h e s e  two l eve l s  being approxi- 
mately 1 . 6  eV.  
states would have t o  be s p a t i a l l y  in t imate .  However, even i n  t h i s  case t h e  
t r a n s i t i o n  p r o b a b i l i t y  between two impurity s ta tes  i s  not as s t rong  as between 
a band and impurity state and f o r  t h i s  reason we f ee l  t h a t  t h i s  explana t ion  
i s  n o t  l i k e l y  t o  be aFpl i cahl P .  
For t h i s  t o  be a n  observable t r a n s i t i o n  t h e  acceptor  and donor 
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3.2 TNSIENT PHOTOCONDUCTIVITY 
The t r a n s i e n t  behavior  of  t h e  photoconduct ivi ty  i n  L i  doped s i n g l e  c r y s t a l s  
was inves t iga t ed  with t h e  apparatus  descr ibed  i n  Appendix D. A s h o r t  l i g h t  
pu l se  ( 0 . 5  psec) i r r a d i a t e s  t h e  sample causing an  immediate r a p i d  r i s e  and 
then  an immediate r ap id  decay o f  the photoconduct ivi ty .  This  i s  followed by 
a r e l a t i v e l y  longer  decay process  (mi l l i s econds )  which can provide  information 
on t h e  t r app ing  processes  i n  t h e  c r y s t a l .  This  experimental  arrangement has  
been designed t o  provide information on t h e  t r app ing  processes  i n  ZnO, and we 
w i l l  now o u t l i n e  t h e  pre l iminary  r e s u l t s  of t h i s  work. 
To d a t e  these  photoconduct ivi ty  experiments have only been c a r r i e d  ou t  near 
room temperature ,  and photoconduct ivi ty  has  been observed only  i n  t h e  Li-doped 
samples. The f i r s t  p o i n t  t o  note  is t h a t  t h e  photoconduct iv i ty  observed i s  
the fast photoconductive e f f e c t  which i s  determined by t h e  c a r r i e r  recombina- 
t i o n  processes  i n  t h e  c r y s t a l  and is no t  determined by adso rp t ion  o r  deso rp t ion  
of oxygen a t  the  su r face .  The second p o i n t  t o  note  i s  t h a t  t h e  response ob- 
served i n  t h e  t r a n s i e n t  behavior  i s  a bulk and not a su r face  e f f e c t .  This  can 
be e s t a b l i s h e d  as fol lows.  The t r a n s i e n t  behavior  i s  completely independent 
of t h e  surrounding atmosphere whether it be vacuum, oxygen o r  hydrogen. 
Furthermore,  when a ZnO f i l - t e r  was p laced  between tile 1 &lit  source and t h e  
ZnO photoconductor,  no e s s e n t i a l  change was de tec t ed  i n  ei t’rier t h e  magnitude 
o f  t h e  photoconduct ivi ty  o r  i t s  decajr time. Therefare ,  t h e  f a c t  t h a t  the 
f i l t e r  d id  not  a l t e r  t h e  photoconductive c h a r a c t e r i s t i c s  i n d i c a t e  t h a t  photon 
e n e r g i e s  l ess  than  t h e  band gap gives  r i s e  t o  t h i s  pliotoconductive response.  
The s p e c t r a l  dependence o f  t h e  absorp t ion  constant  and the photoconductive 
response previous1 y m e n t i ~ n e d  i::dicate that  tilt. i ~ a i i s i e n r ,  photocondue t i v i t y  
observed is  indeed a bulk  e f f e c t .  Fur themore ,  several. d i f f e r e n t  semiconductor 
f i l t e r s ,  which c u t  o f f  i n  t h e  range o f  1.3 t o  3.0 e V  were placed i n  f r o n t  o f  
t h e  pulsed  l i g h t  source.  The observed behavior  f u r t h e r  s u b s t a n t i a t e d  t h e  f a c t  
t h a t  t h e  t r a n s i e n t  photoconduct ivi ty  has  the  same o r i g i n  as the  pl iotoconduct ivi ty  
a 
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observed i n  t h e  s p e c t r a l  dependence measurements c a r r i e d  out  on t h e  Perkin- 
Elmer; i. e. , t h e  q u a l i t a t i v e  s p e c t r a l  dependence of  t h e  photoconduct iv i ty  w a s  
t h e  same as t h a t  o f  Fig.  3-1. 
Since t h e  photoconductive cu r ren t  i s  c a r r i e d  by e l e c t r o n s ,  t h e  photoconductive 
decay w i l l  be determined by t h e  length  o f  t i m e  t h e  e l e c t r o n  i s  f ree  i n  t h e  
conduction band once it has  been exci ted.  The e l e c t r o n  w i l l  remain f r e e  as 
long  as t h e  accompanying ho le  remains t rapped;  once t h e  ho le  becomes untrapped, 
e l ec t ron -ho le  recombination occurs  very r ap id ly .  Thus t h e  rate o f  photocon- 
duc t ive  decay i s  determined by t h e  rate a t  which ho le s  can be f r e e d  from t h e i r  
t r app ing  states.  
To ga in  some information on t h e  nature  and p o s i t i o n  o f  t h e  hole  t r a p s  two 
experiments were c a r r i e d  out .  I n  t h e  f i r s t  experiment,  t h e  decay t ime was 
observed as a func t ion  of  temperature i n  t h e  a-bsence of any background 
i l l umina t ion ;  t h e  r e s u l t s  are indica ted  i n  F ig .  3-2 and show t h a t  with in- 
c r e a s h g  temperature  t h e  decay time decreases .  The f u n c t i o n a l  dependence o f  
t h e  dec reas ing  decay t ime with increas ing  temperature  w a s  approximately 
I n  t h e  second experiment t h e  decay time as a func t ion  of background i l l umina t ion  
was i n v e s t i g a t e d  (F ig .  3 - 3 ) .  
t ungs t en  lamp and t h e  photoconductive decay t h e  was observed t o  decrease  with 
increased  background i l l umina t ion .  Also using s e v e r a l  semiconductor cu to f f  
f i l t e r s ,  inc luding  ZnO i t s e l f ,  it was es t .ab l i shed  t h a t  t he  photon energy which 
produced t h e  decrease  i n  t h e  decay time w a s  s l i g h t l y  below t h e  band gap va lue  
( w i t h i n  s e v e r a l  t e n t h s  of  an  eV). 
The background i l l umina t ion  l i g h t  source was a 
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The t e n t a t i v e  i n t e r p r e t a t i o n  o f  the l as t  two experimental  r e s u l t s  i s  as fol lows.  
The exponent ia l  decrease of  t he  observed decay t ime with temperature  would 
i n d i c a t e  a hole  t r app ing  l e v e l  approximately .l5 eV above the  valence band. 
A s  t h e  temperatiire i s  increased  €ewer ho le s  remain t rapped  and consequently 
t h e  e l ec t ron -ho le  p a i r s  can recombine more r e a d i l y .  Also,  with inc reas ing  
background i l l umina t ion  t h e  ho le  quasi-Fermi l e v e l  wi .11 tend t o  move down 
through the  t r app ing  l e v e l  decreasing i t s  e f f e c t i v e n e s s  as a hole  t r a p ;  
t h u s  decreas ing  t h e  e lec t ron-hole  recombination t ime.  The hole  t r a p  should 
be a doubly negat ive charged s i t e ;  i t s  form i s  uncer ta in ,  b u t  it may be a Zn 
vacany o r  0- i n  the  l a t t i c e .  
- 
Table 3-1 
SINGLE CKYSTAL SAMPLES 
Sample R e s i s t i v i t y  C a r r i e r  Length Elec t rode  
Number Dopant ( 300°K) 
SW Excess 4 S2 cm 2.5 X 10 1 m m  5mm G a l l i u m  Minnesota 
(36,100 Zinc cni- 3 o r  Mining and 
/47) (as S i l v e r  Manufactur- 
Concentration TI1 iclcriess and Width T h t e r i a l  Suppl ie r  
16 
grown) Pas te  ing Co. 
10 7 -3 SWD Lithium -10 52 10 cm 1 m m  3 min G a l l i u m  Minnesota 
( 36400 cm o r  Mining and 
S i l v e r  Manufactur- 
Pas t e  ing Co. 
/47 1 
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Section 4 
STUDIES ON PARTICLES 
4.0 GENERAL 
The major port ion of t he  experimental program has been concerned with 
s tudies  of pa r t i cu la t e  samples of zinc oxide. Tne emphasis on t h i s  t y p  
of sanple is  espec ia l ly  appropriate i n  view of the pa r t i cu la t e  nature of 
the pigments incorporated in to  thermal control  paints .  Since t h l s  program 
i s  concerned w i t h  the e f f ec t s  of solar rad ia t ion  on the op t i ca l  propert ies  
of the pigment exclusively, it has been necesssary t o  devise methods of 
sample preparation which preserve the i n t e g r i t y  of the zinc oxide pa r t i c l e s  
without s ign i f i can t ly  a l t e r i n g  the or ig ina l  propert ies  of the pignent. 
Samples prepared by control led pressing and s in t e r ing  of zinc oxide powder 
have been found t o  adequately meet these requirements as discussed i n  
Sections 4.1 and 4.2. 
. 
0 
Studies of the e f f ec t s  of so l a r  radiat ion on j?articulate samples h2ve 
been performed i n  two modes: 
neasurcments. 
Sections 4.3 and 4.4. 
a r e l a t i v e l y  la rge  amount of data i n  a routine Tanner. 
m e t h o d - p e n t s  detailed investigation of such f ac to r s  as recovery and the  
i d l u e n c e  of temperature and pressure, while maintaining the saiiples under 
the  i r r ad ia t ion  conditions. Both types of data are necessary f o r  the 
formulation of a coherent model of the damage processes. 
s t a t i c  u l t r a v i o l e t  exposures and i n  s i t u  
The details of these experinents are discussed i n  
The static experiments are useful  f o r  co l lec t ing  
Tfie i n  s i t u  
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I n  a l l  of the s tudies  involving par t icu la te  szzples, t he  p r i m r y  ixdex of 
dzmage was taken t o  be changes i n  the r e f l ec t ion  spectra.  Tr-e i n i t i a l  
ref lectance spectra  of ali sanples were measured using a Cary K A e l  14 
double beam spectrophotometer with an integrat ing sphere a t t a c b e n t .  
some cases, where data  extendicg out t o  2.5 microns was required, a 2zckmn 
E<-2 spectrophotoneter equipped with an integrat ing sphere w a s  enployed. 
The s2ectra  obtained from the  two instruments were found t o  be subs tan t ia l ly  
the  same. 
In 
4.1 Sample meparat  ion 
A l l  p a r t i cu la t e  samples (except those spec i f i ca l ly  indicated)  were pregared 
from t h e  same material: 
number 52319. 
ies, i s  shown below. 
zinc oxide powder, supplied by Nerck & Co., 'oztch 
. 
An analysis  of t he  material, indicat ing the naxinum imprit- 
Arsenic 
Calcium and Ylgnesium 
Iron 
Lead 
Manganese 
Insoluble i n  H SO 
Chloride 
Nitrate 
Phosphate 
Sulfur Compounds 
2 4  
0. ooo@ 
0.010 
0.001 
0.005 
0.0005 
0.01 
0.001 
0.003 
0.001 
0.01 
Maximu% t o t &  impurities 0.04i?$ 
On the basis of t h i s  analysis, t'ne zinc oxide u t i l i z e d  thro&mut  chis 
2rogra.n has a pu r i ty  of b e t t e r  t'nan 99.9$. 
were prepared from New Jersey Zinc Co. SP 500, wnich has a nominal s t a t ed  
purizy of 99.905. 
uxCer stat ic  u l t r av io l e t  exposure, C%e s a 2 l e s  prepare2 fraa -;'ne -GT.:C 
r f i ter ids  were iden t i ca l  within the lipits of the  ixasurcxents, 8s skotm i n  
Section 4.4. 
In  addition, samples 
In  respect t o  init:& opzical proper'iies ard bei;svicr 
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The parameters involved i n  the preparation of the pressed par t icu la te  
samples include forming pressure, s inter ing temperature and s in te r ing  
atmosphere. 
be of considerable importance for the preparation of samples with reproduc- 
ible opt ica l  properties. The method used f o r  the preparation of zinc oxide 
samples throughout the course of t h i s  program i s  as follows: 
aliquots of the ZnO powder are weighed out, deposited i n  a one-inch diameter 
stainless steel pe l l e t  die, pressed a t  the requis i te  forming pressure, 
removed from the die, sintered under appropriate conditions, cooled, and 
stored. 
The precise regulation of these parameters has been shown t o  
Three gram 
The major conceptual problem invo:.ved i n  the sample preparation procedure 
is  the production of reproducible, mechanically s table  samples, composed of 
ZnO part ic les .  
should be ident ica l  t o  the or iginal  powder material from which they are 
formed. 
and have no s t ruc tura l  integri ty .  In t h i s  regard, pressed and sintered 
samples provide .an adequate compromise. Under mild forming conditions 
the pa r t i c l e s  contained i n  the sintered samples have been shown t o  r e t a in  
their  or iginal  geometry t o  a large extent. 
It i s  f e l t  tha t  t h e  zinc oxide i n  the composed samples 
Unfortunately, loose powder samples are not amenable t o  handling 
a 
The e f f ec t  of forming pressure has been investigated i n  an e f f o r t  t o  
ascer ta in  the minimum pressure necessary f o r  adequate compaction, as well 
as t o  examine the e f fec t  of mechanical damage on the zinc oxide samples. 
Experimentally, it was found that a minimum pressure of 10,000 lbs./sq. in. 
w a s  required f o r  the formation of stable pe l le t s ,  i n  the absence of any 
binding additives. 
the samples. 
throughout the bulk of the samples was found t o  occur. 
This forming pressure was used f o r  the majority of 
A t  higher pressures, a pronounced yellowing of the  zinc oxide 
Figures 4-9 and 
4-10 show the effect  of forming pressure on the reflectance spectrum of 
zinc oxide pe l le t s ,  before and a f t e r  i r radiat ion,  respectively. It can 
be seen that the reflectance changes i n  an approximately l i nea r  fashion 
w i t h  forming pressure. It is of particular in te res t  that the changes i n  
0 
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reflectance induced by mechanical hqage (pressure) bear a rarked resenblance 
t o  the u l t rav io le t  induced spectral  changes, indicating that the damage 
processes m y  be intimately related.  
The foming pressure a l so  has a pronomced affect  on the specularity of the 
sarnples. 
while those formed a t  higher pressures assume a more specular appearance. 
Sample pressed at  10,000 lbs/sq. in .  appear highly diffuse,  
A s  t h e  program progressed, it became of i n t e re s t  t o  study par t iculate  
samples doped with copper. 
w a s  prepared by coprecipitation as the mixed carbonate. 
Zinc oxide doped with a nominal O.l$ copper 
0.999 Zn(N0 ) + 0.001 h C 1 2  + Ua2CD3 --dc Zn.999~,ool CO (sol id)  3 2  
The precipi ta te  w a s  washed t'nree t,mes with d i s t i l l e d  water t o  f r e e  it of a 
dissolved salts, and heated a t  400 *C for six hours t o  decompose the 
carbonate. 
4OO0C Zn(Cu)w3 - Zn(Cu)O + cog 
In  order t o  study the effects  of the copper doping on the zinc oxide powder, 
material w a s  prepared i n  a similar mamer without the added copper. 
A l l  part iculate  sample investigated are  described i n  Table 4-1. 
a 
4.2 Sintering Studies 
Although the pressing operation performed on the zinc oxide pow2er f o m  
the m t e r i a l  into pe l le t s ,  they do aot have appreciable r.echanical s t a b i l i t y  
wiless they are  sintered. 
atnosphere have been investigated i n  an attempt t o  determine the mildest 
cocditions compatible with adequate sample integri ty .  
waic'a the extent of s inter ing was d?ter;;.ined w a s  surfzce area, as reasured 
The effects of s i n t e r i w  temperature, tim and 
%e cr i te r ion  by 
4-4 
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by nitrogen adsorption using the staabard Brunauer-Emnett - Teller (B.E .T. ) 
technique. 
3.54 n /gram, corresponding to an average particle diameter of 0.3 microns. 
The surface area of the unsintered zinc oxide was found to be 
2 
The effect of sintering temperature was determined by neasuring the final 
surface areas of samples sintered in air at various tenperatures in the 
range 500-lOOO C, for times varying between 5 minutes and two hours. 
Sintering at the higher temperatures resulted in a yellow discoloration 
of the rnaterial, and pronounced distortion of the initial sample geoixtry. 
The minimum temperature at which sintering could be detected was found to 
0 be 600 OC. C f o r  15 minutes was 
found to be the optimum combination of conditions. Surface area measure- 
ments on six samples prepared in this manner indicated t'nat the naterid had 
2 : specific surface area of 3.2 - i 0.1 m /gram. 
reduction of 10% in the surface area. 
of geometry, the material in sintered form is essentially the sane as 
the unsintered ZnO. 
to the particle surfaces should not be altered by this sintering procedure. 
The reproducibility of the sample preparation technique, as manifested by 
the optical properties of the individual saaples, is good. 
spectra of samples prepared under the same conditions routinely agree 
to within I$. 
0 
Sintering of the pressed samples at 600 
This corresponds to a 
These results indicate that in tern 
Therefore, it can be expected that effects related 
0 
Reflection 
Experiments relating to the effect of ambient oxygen on the optical 
properties of the sintered material have demonstrated the importance ticis 
parmeter. Although samples sintered at 600 C in one atmosphere of cir, 
nitrogen and argon show similar reflection spectra, v2cuurA1 sliiter& ZcG 
shows drastically different properties. 
sintered at 600 
dark gray with evidence of a substar;tial mount of free zinc o:i the SUT- 
face. 
of the glass chamber containing the samples, 
0 
Pressed pellets of zicc oxide 
0 C for 15 minutes at a pressure of Torr appeared 
In addition, metallic zinc was found to deFosit on the cool portion 
(See Section 4.4). 
4- 5 
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These vacuum sintered samples were stored in vacuum in the dark until used. 
The primary index of sample characterization throughout this progrm has been 
the reflectance spectra of the smples. 
particulate samples by means of electrical raeasurements (conductivity, Hall 
Effect, Seebeck coefficients, etc.) was considered, it was felt that this 
approach would be unfruitful due to the idiosyncrasies of non-single- 
crystal samples. 
and provide relatively little insight into the properties of the bulk 
material. 
Although characterization of 
Measurements of this type appear to be risky, at best, 
4- 6 
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Samxde TemDerature E f f e c t s  
Measurement and con t ro l  of sample temperature throughout t h e  t e s t  per iod,  
inc luding  the t i m e  before  and a f t e r  i r r a d i a t i o n ,  are important i n  t h e  
s i t u  eva lua t ion  of o p t i c a l  property changes. 
\ 
Zinc oxide i n  vacuum e x h i b i t s  a -
decrease i n  v i s i b l e  and in f r a red  re f lec tance  with increas ing  temperature. 
I n  addi t ion ,  t h e r e  i s  t h e  well-known s h i f t  i n  t h e  absorp t ion  band edge t o  
longer  wavelengths with increas ing  temperature. I n  order  t o  determine t h e  
u l t rav io le t - induced  changes i n  s p e c t r a l  r e f l ec t ance  of a sample a t  a given 
temperature,  one must a l s o  determine t h e  s p e c t r a l  r e f l ec t ance  o f  t h e  sample 
a t  t h e  same temperature bu t  witnout i r r a d i a t i o n .  The first problem i n  this 
determinat ion is  t h e  measurement of sample temperature, p a r t i c u l a r l y  during 
i r r a d i a t i o n .  The 
method used t o  con t ro l  sample temperature is a l s o  discussed. 
The approach taken i s  discussed i n  d e t a i l  i n  Appendix Bo 
l e  t c  high inc ident  hea t  f l uxes .  As  a r e s u l t ,  
nc'ing the  sample t o  500°F or maintaining it at 
room temperature i s  as fol lows.  J ! ~ e  A-H6 i s  s t a r t e d  with t h e  sample i n i t i a l l y  
a t  room temperature;  t h e  sample i I I (  h e a t e r  (or coolant  f low) i s  regula ted  t o  
produce t h e  des i red  s teady  s t a t e  , ,aiq)lv Icmperature. Once s teady s t a t e  i s  
reached b i - d i r e c t i o n a l  reflectance> m'ts1nements a r e  made. The change i n  
r e f l ec t ance  due t o  u l t r a v i o l e t  i r r a d i a t i o n  j c taken as the  d i f f e rence  between 
t h e  measured r e f l ec t ance  and t h a t  measured on another  un i r r ad ia t ed  sample a t  
t h e  same temperature.  The determination of i n  s i t u  b i - d i r e c t i o n a l  s p e c t r a l  
r e f l ec t ance  of un i r r ad ia t ed  standard samples has been completed f o r  t h e  range 
o r  temperatures  from 70 F to 44ii°F f o r  the visi'ooie ~ e g h ~ ~  of t%e s p e c t r m .  
This data i s  presented i n  Figure 4-1. The same measurements f o r  t h e  range 
-300°F t o  70°F and a l s o  t h e  infrared p?ortion of t he  spectrum for t h e  full tern- 
perat t i re  range w i l l  be repGrted i n  t h e  forthcoming addendum. 
t h e  b i - d i r e c t i o n a l  re f lec tance  da ta  for 70°F i n  vacuum are normalized w i t h  
0 
I For a given sample, 
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r e s p e c t  t o  t h e  i n i t i a l  noma1 ref;ec>cance measured on t h e  Cary spec t ro-  
photoxeter  by s e t - t i n g  them equal  ht 0.6 microns ( excep t  where o therwise  ind i -  
ca t ed ) .  
ad jus t ed  by t h e  same mul t ip ly ing  fact,or. 
explanat ion.  
All b i - d i r e c t i o n a l  d a t a  t&.en i n  tile stme t e s t  a r e  subsequent ly  
See Ai,pendix C for a more d e t a i l e d  
Refer r ing  t o  F igure  4-1 it i s  c l e a r  t h a t  t'r;ere i s  a def l .n l te  s h i f t  o f  t h e  ab- 
s o r p t i o n  baad edge tcward longer  uavelengths  and a cecrease  of t h e  -Jisible 
ref. le.-~ts:ice due t o  inc reas ing  tenpei-atixt-e. %r,e wavelength of  t h e  t r u e  absorp- 
t i o n  -m.r,d edge I s  observed Lo -be 01il.y a func t ion  of  s m p l e  temperature .  
s i t u  b l - d i r e c t i o n a l  r e f l e c t a n c e  rnc:a.sureinents have shown t h a t  neitiner vacuum 
n o r  u l t r a v i o l e t  i - r r a d i s t i o n  have a:i ePfec t  on t h e  ba rd  edge dur ing  or a f t e r  
i r r a d i a t i o n  except  Z;(; t h e  extent, t i i a t  sainple temperature  i s  a f f e c t e d .  I n  
f a c t ,  'the band edge l o c a t i o n  clay serve as a convenkn t  check f o r  sample tem- 
p e r a t u r e  measurements. 
s h i f t  produces e. large percenta.gc gc il.; s p e c t r a l  or b i - d i r e c t l o n a l  re- 
f l e c t a n c e  a t  a. waveieagth i n  t t i e  : q : j . C > r L  o f  t'-le edge. The observed t e q e r a t u r e -  
depefiaence ~f the band edgc is  sirr~iiar t o  t ha t  repor ted  i n  Ref. 33. 
-
It ~a11 Le seen i n  Ftg~iu-e 4-1 t h a t  a s m a l l  band edge 
0 
Exposure a t  3OOOF 
A f t e r  eva lua t ing  t h c  magrii.tiide oi' the ef-fec'i o f  t e n p e r a t a r e  and vacuum on t h e  
s p e c t r a l  r e f l e c t a n c e  of 1L:iirrttd i.r,teci zinc oxide , ar: u l t r a v i o l e t  exposure t e s t  
w a s  perfomied on a sanp1.e inz,int,R.ined at  490OF 
t i o n  of  s p e c t r a l  r e f l e c t a n c e  up to  t h e  t e rmina t ion  of  t h e  34 hour i r r a d i a t i o n  
pe r iod  i s  shown i n  ;.':igi~r.e j . h - 2 .  
end of  e . x p s u r e  t o  t i t e  f ' i r i a l  ~rl~!;~tsure!rient, wi t l i  tile Cary Spectrophotometer i s  
shown i n  Figlure 't-3. .Aj..i or thc: hi-i! i..rc(?t.iona; rel':iecta::ce d a t a  on both  
F igu res  1+-2 arid lt-3 are rlcJmia,l. I z e d  wi . t i :  yespec-t Lo t h e  i n i t i a l  Cary r e f l e c t a n c e  
curve at. u.63 ni- r'rons. 
203F. Tne chronologica l  v a r i a -  
The srar:i.a-t.i.on of  s p e c t r a l  r e f l e c t a n c e  from t h e  . 
t - i  1 
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The i n i t i a l  b i - d i r e c t i o n a l  r e f l ec t ance  a t  70°F ii v a c u m  i s  lower than  t h e  
Cary r e f l e c t a n c e  i n  t h e  reg ions  0 . 4  t o  0.6 microns and 1 . 6  t o  2 .4  microns. 
This  depar ture  from t h e  Cary mea:d;rement i s  r epea ted ly  observed ( a l s o  see 
Figure  4-1) f o r  b i - d i r e c t i o n a l  r e f l e c t a n c e  measurements taken i n  vacuun, b u t  
not  f o r  t hose  taken  i n  air. Ciiec:;s have been made t o  ensure t h a t  t h e s e  depar- 
tures were not  a s s o c i a t e d  with m e  A a n i c a l  displacement o f  t h e  o p t i c a l  system 
dur ing  pump-down. It i s  probabl-c t h a t  t h i s  observa t ion  i s  r e l a t e d  t o  t h e  
desorp t ion  of oxygen from the  z i r , :  oxide,  and is  not instrumental .  
Ten minutes af ter  i n i t i a t i o n  of u l t r a v i o l e t  i r r a d i a t i o n ,  a f u l l  r e f l e c t a n c e  
spectrum was measured. Referral t o  F igure  4-2 i n d i c a t e s  t h a t  t h e  band edge 
h a s  not  f u l l y  s h i f t e d ,  so t h e  sample has  not q u i t e  reached s teady  state 
temperature .  The v i s i b l e  r e f l ec t ance  has  decreased from t h e  room temperature  
va lues .  
F igure  4-1 i n d i c a t e s  t h a t  t h i s  decrease i s  l a r g e l y  if  not completely due t o  
t h e  increased  temperature  under I r r a d i a t i o n .  Tne s p e c t r a l  dependance of  t h e  
i n f r a r e d  r e f l e c t a n c e  t e n  minutes a f t e r  i n i t i a t i o n  o f  i r r a d i a t i o n  i s  unexpected, 
i n  t h a t  it does not  have t h e  s a ~ e  genera l  form as t h e  remaicing i n f r a r e d  
r e f l e c t a n c e  spec t r a .  A s  y e t  t h i s  is  not  explained,  b u t  may be connected wi th  
t h e  r a p i d  change i n  sample temperature dur ing  t h i s  run. 
However, comparison of this data t o  t h a t  f o r  a l+40°F sample i n  
The las t  two b i - d i r e c t i o n a l  r e f l ec t ance  s p e c t r a  show a progress ive  and d e f i n i t e  
degrada t ion  o f  sample re f lec ta r icc  w i t i i  cont inued i r r a d i a t i o n .  The t o t a l  
degrada t ion  i s  only  s l i g h t l y  grer lc l r  i n  t h e  v i s i b l e  range than  i n  t h e  i n f r a r e d  
i f  t h e  lowes t  r e f l e c t a n c e  curve (x'ser 49 hours  i r r a d i a t i o n )  i s  compared t o  
t h e  i n i t i a l  room temperature  ref3 e:tarice. However, t he  r e l a t i v e  rates o f  
degrada t ion  i n  t h e  v i s i b l e  and i. '*ai-ed cannot be meaningfully compared be- 
cause of  t h e  one i r r e g u l a r  i n f r a ,  :: spectrim discussed  above. Fu r the r  data 
on degrada t ion  rates w i l l  be obt, SL;. 
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A f t e r  54 hours  of  i r r a d i a t i o n  t h e  ;m,p was ext inguished  and '*recovery" 
neasurernents made. The f i rs t  p o s t - i r r a d i a t  ion  spec t rm.  w a s  recorded one hour 
a f te r  s topping i r r a d i a t i o n ;  sample Leinperature had decreased t o  433OF. For 
t h e  second p o s t - t e s t  spectr im,  talien 23 hours  a f t e r  t h e  t e rmina t ion  of  r ad ia -  
t i o n ,  t h e  sample temperature  i s  approximately t h a t  main-cained dur ing  i r r a d i a -  
t i o n  (490°F). 
( 1 . 4  t o  2.4 microns) ,  b u t  t'nere appears t o  have been s i g n i f i c a n t  recovery i n  
t h e  v i s i b l e  and very  near  i n f r a red .  Furthermore, t he  v i s i b l e  recovery occurred  
p r i m a r i l y  dur ing  the  f i r s t  hour a f t e r  i r r a d i a t i o n  ceased. 
Note t h a t  t h e r e  has been no recovery I n  t h e  i n f r a r e d  r eg ion  
The f i n a l  spectruin i n  vacuum, taken 2 j  t o u r s  a f te r  i r r a d i a t i o n  i s  te rmina ted  
and a f t e r  t h e  sarripie had cooied t o  rooin temperature,  i s  e s s e n t i a l l y  i d e n t i c a l  
t o  those  taken  one hour ( a t  435OF) and 23 hours  ( a t  I+gOOF) a f t e r  t e rmina t ion  
o f  i r r a d i a t i o n .  ?"fie on ly  s j g n l f i c a n t  change i s  the s h i f t  i n  t h e  bard edge, 
which i s  due t o  t h e  decrease  i n  sample temperature  from L+gOOF t o  1200F. 
Tnis spectrurn does i n d i c a t e  t h a t  the s i g n i f i c a n t  decrease  i n  v i s i b l e  r e f l e c -  
Larirr: due t o  inc reas ing  temperature sllown i n  F igure  4-1  i s  not  r e v e r s i b l e  
after z inc  oxide h a s  been i r r e d i a t e d  i n  vaci;un. These d a t a  do not  demonstrate  
t h a t  t h e  i r r a d i a t i o n  Is a caus i t i i re  f a c t o r  i n  2rodLcing t 'nis i r r e v e r s i b i l i t y ,  
however. More d a t a  f o r  samples i r r a d i a t e d  a t  e l e v a t e d  temperature  i s  r equ i r ed  
t o  e x p l a i n  t h e  na tu re  o f  t h i s  observed rzcovery o f  r e f l e c t a n c e .  
L a 
From t h e s e  three spec t r a ,  it appears t h a t  very l i t t l e  r e f l e c t a n c e  recovery 
occur s  i n  vacuwi, a t  temperati ires f^riin !TgOoF t o  TOOF, f o r  many hours  after the 
t e rmina t ion  o f  i r r a d i a t i o n ,  exce;Jt ~ ' G Y  a very  lsst i n i t i a l  i nc rease  i n  t h e  
v i s i b l e  r e f l e c t a n c e .  
A f t e r  26 hours  i n  vacdiun and coniparat,ivc daYli-iless, t:,e dxiaged s a q l e  (having  
reached room temperature)  w a s  re-exposed to air .  
b i - d i r e c t i o n a l  r e f l e r t a n c e  w a s  rneslsLired. A f t e r  an  a d d i t i o n a l  s i x  hours  t h e  
f i n a l  normal r e f l e c t a n c e  w a s  measiired on t h e  Cary spectrophotometer.  These 
f i n a l  two s p e c t r a  ',ndI.c>ate t,i?at, s i p  if icsL;t  reccsvery of  s p e c t r a l  r e f l e c t a n c e  
lTifteen hours  l a t e r  t h e  i 
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, presen ted  in Sect ion  ~i-.:+ aixi espe<. : : i~y  Figure 14-6 show t h e  e f f e c t  o f  long 
p o s t -  i r r a d i a t i o n  per:i.ous i.n a i r .  G , :  tl?e :;pec:i;rai r s f l e c t a n c e  of s tandard 
p a r t i c u l a t e  smples i r r a d i a t e d  ir: u L . .  i ~ i .  
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recovery has  occurred i n  t h e  v i s i b l e .  P ie  f i n a l  b i - d i r e c t i o n a l  r e f l e c t a n c e  
s p e c t r a  on t n e  same sample, i n  a i r ,  affirrns t h e  cLange i n  c h a r a c t e r  of t h e  
s p e c t r a l  r e f l e c t a n c e  between t h e  second i n  s i t u  and t h e  C a r y  r e f l e c t a n c e  
curves.  This  r e q u i r e s  f u r t h e r  i nves t iga t ion :  it may be a t t r i b u t a b l e  t o  t h e  
in t ense  tungs ten  source i n  t h e  Cary used t o  l i l u n l n a t e  t h e  sample. This  
source w i l l  tend t o  b leach  the u l t r a v i o l e t  degrada t ion  i n  z i n c  oxide.  I n  
t a k i n g  t h e  normal r e f l e c t a n c e  da t a ,  t h e  Cary spectrophotometer  scans from 
1 .8  microns t o  0 .3  n i c rons .  
bi:er.elr"cre t end  t o  affec-c t h e  v i s i b l e  data ( ~ d i i c h  is  xeasured l a s t )  inore t h a n  
t h e  i s f r a r e d .  This  could exp la in  the apparent  l a r g e  d i f f e r e n c e  between the 
b i - d i r e c t i o n a l  and Cary d a t a  i n  t h e  visjble region.  The f a c t  t h a t  t h e  Cary 
curve w a s  reproduced e i g h t  days l a t e r  by the  b i - d i r e c t i o n a l  r e f l e c t a n c e  d a t a  
i n d i c a t e s  t h a t  no f u r t h e r  s i g n i f i z a n t  b leaching  occurred af ter  exposure to 
t n e  tungs t en  lamp i n  t h e  Cary. 
I- 
T?ie bleaching e f f e c t  o f  the tungs t en  source w i l l  
C' 
The impl i ca t ions  of  th i s  e f f e c t  o ;cL:erd p x -  and p o s t - t e s t  spec-cral r e f l e c -  
t ance  measurements t o  eva lua te  er;viro ,mie?tal degrada t ion  are p o t e n t i a l l y  far- 
reaching.  The impact on  procedures  &sed i n  t h i s  z inc  oxide s tudy  i s  not  g r e a t ,  
because t h e  p o s t - t e s t  C a r y  measurements are regarded as q u a l i t a t i v e .  The use 
o f  p o s t - t e s t  r e f l e c t a n c e  rneasuremcnts a l lows  expos.ure o f  t h e  sample t o  too  
many p o t e n t i a l  causes f o r  darnage recovery; ssch  measurements a r e  c l e a r l y  in- 
adequate  f o r  t h e  gene ra t ion  oC q u a n t i t a t i v e  d a t a  on r a d i a t i o n  datnage o f  z inc  
oxide.  In  s i t u  measurements a r e  a a d a t o r y .  
o 
4.4 STATIC ULTRAVIOLZT IRRADIATION TESTS 
U l t r a v i o l e t  i r r a d i a t i o n  t e s t s  without i n  s i t u  o p t i c a l  property measurements 
a r e  termed " s t a t i c "  tests i n  t h i s  report; information on sample behavior i s  
based on before- tes t  and a f t e r - t e s t  examination of the  sample. These t e s t s  
a re  performed with the apparatus aescribed i n  Appendix C .  
performed on p a r t i c u l a t e  zinc oxide samples, under various t e s t  conditons, 
throughout the l a s t  e ight  months. Before proceeding t o  presentat ion of the 
data,  a few comments qualifying the value of s t a t i c  exposure techniques a re  
i n  order. 
-- 
S t a t i c  t e s t s  were 
The i n  s i t u  b i d i r e c t i o n a l  reflectance data presented i n  Section 4.3 indicate  
t h a t  s i g n i f i c a n t  p o s t - t e s t  "recovery" from u l t r a v i o l e t  damage, as measured by 
decrease i n  sample ref lectance,  occurs upon exposure of the damaged samples t o  
a i r .  ~ n r o u g n  prompt p o s t - t e s t  measurement ol" rer lectance w i t h  the Cary o r  Beck- 
man spectrophotometer, the  e f f e c t  of  such "recovery" on evaluat ion of the damage 
-- 
-~ 
i s  minimized. I n  prac t ice ,  the elapsed time between opening the vacuum chamber 
t o  a i r  and the measurement of the last of a s e r i e s  of samples has been no longer 0 
than one hour. It must be kept i n  mind however, t h a t  i n  t h i s  f i r s t  hour of ex- 
posure t o  air ,  it i s  very l i k e l y  t h a t  Eeasurable recovery occurs. Valid qual i -  
t a t i v e  data are gained, bu t  precise quant i ta t ive  data  a r e  d i f f i c u l t  t o  obtain. 
A s  an example, two samples were prepared and i r r a d i a t e d  under nominally ident i -  
c a l  conditions.  
ref lectance a t  0.45p, the other (TP-14507AA) a 8 percent decrease. The f i r s t  
p o s t - t e s t  measurement w a s  perforr;,ed within one hour af ter  exposure t o  a i r ,  
and t h e  second within two hours af te r  exposure t o  a i r .  A probable explanation 
f o r  the apparently d i f f e r e n t  behavior of the  two samples i s  the d i f f e r e n t  time 
t h a t  each sample w a s  allowed t o  >-?cover i n  a i r  before being measured. Never- 
the less ,  through s t a t i c  t e s t s  va: *able information has been obtained of the 
influence of sample preparation :bLi6. u l t r a v i o l e t  exposure parameters on the 
behavior of p a r t i c u l a t e  zinc oxide during i r r a d i a t i o n .  Witn these qua l i f ica-  
t i o n s  i n  mind, it is  now appropriate t o  review the r e s u l t s  of the s t a t i c  t e s t s .  
One (Tp-14872A~) suffered a 12 percent decrease i n  s p e c t r a l  
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The basic  parameters considered i n  the  s t a t i c  tests have been the preparat ion 
conditions (forming pressure and s in te r ing  atmosphere) and the exposure condi- 
t ions,  (pressure, sample temperature and i r r a d i a t i o n  spectrum). The da ta  pre- 
sented is  representat ive of each condition. 
with more than one'S3mpl.e. 
are  presented i n  Table 4-1. 
the s t a t i c  exposures are: 
A l l  of the t e s t s  have been repeated 
A f u l l  t abula t ion  of test-samples and t e s t  conditions 
Unless otherwise specif ied,  the t es t  parameters of 
(1) Irradiance Source: A-H6 (PEK Labs Type) Lamp 
(2) Distance of Sample from Lamp: 3.9 inches 
(3)  Sample Temperatures from 100 t o  125°F 
(4) Pressures of &lo-' Torr except during i n i t i a l  u l t r a -  
v i o l e t  exposure, when sample and chamber w a l l  "outgass- 
i n g "  causes pressures as high as ~ 0 ' ~  Torr.  
Standard Sam-oles 
Figure 4-5 shows the s p e c t r a l  reflectance of a "standard" p a r t i c u l a t e  zinc oxide 
sample from 0.3 t o  20 microns. A standard sample i s  prepared by forming a t  
10,ObO p s i  i n  a i r  f o r  1 minute and then s i n t e r i n g  a t  600"c i n  a i r  f o r  15  minutes 
(Sect ion 4 .2) .  
t i o n  w a s  found t o  be highly repeatable, t h a t  i s  wi th in  1 percent i n  the range 0.3 
t o  1 . 8 ~  throughout the program. 
zinc oxide i s  s i g n i f i c a n t l y  transparent,  s o  the ref lectance i s  a f fec ted  by sample 
thickness (Ref. 20). 
e f f e c t .  
s i n t e r i n g  condition of SP-500 zinc oxide a r e  i d e n t i c a l  t o  these ref lectance curves 
f o r  the  i n t e r v a l  0.3 t o  1.8 microns. 
longer wavelengths. 
0 
The s p e c t r a l  reflectance of these standard samples before i r r a d i a -  
For wavelengths l a r g e r  than 1.8~ p a r t i c u l a t e  
Two d i f f e r e n t  sample thicknesses are depicted t o  show t h i s  
Spec t ra l  ref lectance f o r  samples prepared under the  same forming and 
Comparative measuremnts were not taken a t  
Standard Samples - Standard Exposure 
Standard samples and samples made of SP-500 zinc oxide exposed t o  u l t r a v i o l e t  
i r r a d i a t i o n  i n  vacuum f o r  67 hours underwent decreases i n  ref lectance as shown 
i n  Figure 4-6. It can be seen 
LOCKHEED M 
that  the ref lectance decrease i s  a maximum near 
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the absorption band edge a t  0.4 microns. The decrease i s  l e s s  i n  the v i s i b l e  
and near infrared region, but becomes g r e a t e r  i n  the region of 1 . 5  t o  1.8 m i -  
crons. Data on the Beckman t o  2.6 microns shown i n  Figure 4-10 shows the de- 
crease i n  ref lectance becomes s t i l l  l a r g e r  i n  the region 1.8 t o  2.6 microns. 
Three p o s t - t e s t  reflectance curves are  presented t o  show the  range of var ia-  
t i o n  i n  measured ref lectance due t o  sample v a r i a t i o n  and more importantly t o  
"recovery" time i n  a i r  between cessation of exposure and f i n a l  measurement. 
Tests are  underway t o  evaluate the v a r i a t i o n  i n  degradation due t o  a range 
of sample i r radiances.  
t o  t h i s  report .  
These tests w i l l  be covered i n  a forthcoming addendum 
Standard Sample - F i l t e r e d  Expos..re 
Standard samples were i r r a d i a t e d  i n  vacuum simultaneously with those reported 
above, but behind s e l e c t i v e  wavelength f i l t e r s .  The normal transmiss ion char- 
a c t e r i s t i c s  before and after the t e s t  are  shown i n  Figure 4-7. 
(microsheet) transmits r a d i a t i o r  - I '  -N*avelength longer than 0 .3  microns. The 
other ( approximately equivalent ' - 3  Cxning  f i l t e r  #3-73) transmits rad ia t ion  
of wavelength longer than 0.4 mic:rons, t h a t  is  r a d i a t i o n  l e s s  energet ic  than 
the band gap energy f o r  zinc oxide. 
i r r a d i a t i o n  a re  shown i n  Figure 4-8. 
the 0.4 micron cut-on f i l t e r  showed r e l a t i v e l y  s l i g h t  damage increasing i n  
the near infrared.  
micron cut-on f i l t e r  show l e s s  damage than t h e  unprotected samples i n  the 
One f i l t e r  
The e f f e c t s  of t h i s  se lec t ive  wavelength 
As  expected, the samples protected by 
It is s igni f icant  t h a t  the samples protected by the 0.3 
v i s i b l e  region, but  more i n  the infrared. The implications of t h i s  a r e  d i s -  
cussed i n  Section 6. 
Standzrd Samples - Exposed i n  .Air 
Standard samples exposed t o  88 hours of u l t r a v i o l e t  i n  ambient a i r  d i d  not 
show any change i n  s p e c t r a l  reflectance.  
a r e  presented i n  graphical form. 
Consequently, no data on t h i s  t e s t  
- _  
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Effec ts  of Sample Forming Pressure 
The e f f e c t  of forming pressure on the  s p e c t r a l  ref lectance of i r r a d i a t e d  samples 
i s  shown i n  Figure 4-9. 
100,000 ps i ,  i n  air ,  and s intered a t  600"c i n  a i r .  
samples a f t e r  100 hours of i r r a d l a t i o n  i n  vacuum i s  shown i n  Figure 4-10, 
t h a t  the decreases i n  reflectance due t o  increased forming pressure and t o  u l t r a -  
v i o l e t  rad ia t ion  are i n  the same s p e c t r a l  regions.  The magnitude of the s p e c t r a l  
ref lectance decrease was found d i f f i c u l t  t o  reproduce cons is ten t ly  because of 
the large var ia t ions  i n  l o c a l  pressure on any sample a t  high forming pressures.  
Consequently, depending on the exact small region of the sample viewed by the 
Beckman, the  e f f e c t  of pressure and u l t r a v i o l e t  varied considerably. However, 
these var ia t ions were generally small compared t o  the o v e r a l l  t rend  shown i n  
Figures 4-9 and 4-10. 
Samples were pressed a t  pressure from 10,000 p s i  t o  
The ref lectance of the same 
Note 
Effec ts  of Sinter ing Atmosphere 
P a r t i c u l a t e  samples prepared a t  a forming pressure of 10,000 p s i  and s in te red  
a t  600"c i n  various atmospheres were exposed t o  u l t r a v i o l e t  i r r a d i a t i o n  i n  
vacuum and i n  air .  Those samples s in te red  i n  air ,  nitrogen and argon exhibited: 
(1) the same i n i t i a l  s p e c t r a l  ref lectance,  (2)  the same xagnitude of s p e c t r a l  
ref lectance degradation when i r r a d i a t e d  i n  vacuum, and (3) no degradation when 
i r r a d i a t e d  i n  a i r .  Therefore, Flgure 4-6 i s  representat ive of a l l  these con- 
di.tions. On the other  hand, samTles s i n t e r e d  a t  600"c i n  a res idua l  a i r  pre- 
sure  of lo-' t o  Torr exhibited markedly d i f f e r e n t  c h a r a c t e r i s t i c s .  When 
i r r a d i a t e d  f o r  88 hours i n  a i r ,  *he vacuum s i n t e r e d  samples showed a marked 
increase i n  ref lectance i n  the vLsible region, but only a s l i g h t  increase i n  
the inf ra red .  
0 
These r e s u l t s  a r e  s h w n  i n  Figure 4-11, Similar  samples s i n t e r e d  a t  approxi- 
mately lo-' T o r r  and i r r a d i a t e d  i n  vacum f o r  67 hours showed only a s l i g h t  in- 
crease i n  ref lectance a t  a l l  wavelenghts. 
s ider ing  the r e l a t i v e  lack of oxygen i n  the vacum i r r a d i a t i o n  t e s t  (See Sec- 
t i o n  6 ) .  
This r e s u l t  i s  not surpr is ing,  con- 
These r e s u l t s  a re  presented i n  Figure 4-12. The vacuum s in te red  
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samples f o r  which s p e c t r a l  reflectance data i s  presented i n  Figures 4-11 and 
4-12 have d i f f e r e n t  s p e c t r a l  reflectances before i r r a d i a t i o n .  
sented i n  Figure 4-11 has higher ref lectance throughout the  inf ra red  region 
than t h a t  presented i n  Figure 4-12. 
can be attached t o  these differences.  Although a l l  vacuum s i n t e r e d  samples 
were prepared i n  nominally ident ica l  fashion, it i s  recognized t h a t  s i n t e r i n g  
oven pressure var ia t ions and temgerature gradients through each saaple can 
have marked e f f e c t s .  
bu t  on the same sample, have consis tent ly  occurred. 
The sample pre- 
A t  t h i s  time no p a r t i c u l a r  s ignif icance 
Variations i n  surface appearance, not only between samples 
cu/ZnO Samples 
Samples prepared by co-precipi 'z !;;g copper and zinc oxide as described i n  
Sect ion 3.1, were i r r a d i a t e d  f o r  6r[ ?:ours i n  vacuum. 
s p e c t r a l  ref lectance data  a r e  presented i n  Figure 4-13. 
copper doping i s  t o  lower the i n i t i a l  ref lectance throughout the  v i s i b l e  and 
infrared.  However, the u l t r a v i o l e t  s t a b i l i t y  of copper doped samples is  markedly 
b e t t e r  than for the pure zinc oxide. For conparison with the copper doped sample 
s p e c t r a l  ref lectance two undoped zinc oxide s p e c t r a l  ref lectance curves are pre- 
sented. One i s  of the standard saTple, and the other  i s  f o r  uridoped, prec ip i ta -  
t e d  zinc oxide prepared i n  ident ica l  fashion t o  the  copper doped sample. The 
u l t r a v i o l e t  i r r a d i a t i o n  of the cndoped, prec ip i ta ted  sample has not been per- 
formed as yet .  The r e s u l t s  of tinis t e s t  w i l l  be included i n  the f i n a l  repor t .  
The pre-and p o s t - t e s t  
The e f f e c t  of the 0.1% 
0 
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Section 5 
BAND STRUCTURE STUDES 
A thorough understanding of the electronic energy band structure (Ref. U) 
of a crys ta l  is  a necessary prerequisite f o r  the detai led interpretat ion of 
many important transport  and optical  properties. 
i n i t i a t ed  theoret ical  band structure studies of ZnO t o  complement the experi- 
mental program. 
We have, therefore, 
To the best of our knowledge, no serious attempt has previously been made 
t o  elucidate the electronic  band structure of ZnO. We thus f e e l  t ha t  our 
e f fo r t s  will prove t o  be both useful. and unique. 
be presented here a re  of a preliminary nature, a number of interest ing 
inferencels can be made on the basis of t h i s  work. 
Although the results t o  
The i n i t i a l  attempt t o  determine the band s t ructure  of ZnO w a s  based on I 
the pseudopotential method, ( R e f .  22). The essent ia l  feature  of t h i s  
approach is  that it provides a parametrized form of E(k) - throughout the 
en t i r e  Bril louin zone. The correct band s t ructure  is  then obtained by 
adjusting the parameters so that certain features of the calculated band 
s t ructure  agree with experiment. 
instance, one might choose t o  f i t  experimentally determined band gaps, o r  
individual band slopes o r  curvatures. 
A t  cer ta in  points of the zone, f o r  
Our pseudopotential calculation w a s  carried out f o r  several points of 
high symmetry i n  the Bril louin zone using f ive  parameters and an average of 
about twenty plane waves. Proceeding on t h i s  basis, it was not possible t o  
obtain an enerm band scheme i n  agreement with the relevant experimental 
data. This was i n i t i a l l y  somewhat puzzling, since i n  the case of the 
LOCKHEED MISSILES & SPACE COMPANY 
column I V  semiconductors only three pseudopotential parameters are needed 
t o  obtain excellent resul ts .  
found i n  some recent work by Fdicov and Golin, (Ref. 23) 
reporting on an investigation of the band s t ructure  of the  group-V semi- 
metals, these authors made an interesting speculation concerning the con- 
s t ruct ion of pseudopotentials. 
wurtzite-type crystals,  it would imply tha t  approximately f i f t e e n  
pseudopotential parameters are needed i n  t h i s  case. 
the band structure is  thus very complex f o r  wurtzite-type crystals .  
Furthermore, because of the paucity of experimental. band parameters f o r  
ZnO, there i s  clear ly  insuff ic ient  information available t o  f i t  such a 
large number of parameters. 
temporarily put aside for a more promising method. 
great deal. of physical insight into the ZnO band s t ructure  problem i n  the 
course of t h i s  i n i t i a l  study. 
The key t o  t h i s  d i f f i cu l ty  is  l i ke ly  t o  be 
In a paper 
If t h e i r  procedure i s  adapted t o  the 
The parametrization of 
The pseudopotential calculation w a s  therefore 
However, we did gain a 
* In par t icular ,  it became evident that  the band s t ructure  of ZnO should 
be quite similar t o  tha t  of ZnS. 
wurtzite structure,  have nearly the same c/a ra t io ,  and 16 valence 
electrons per un i t  ce l l .  
column V I  of the periodic table and both elements have only s and p 
valence s t a t e s  occupied. 
i n  ZnS and ZnO (3.94 and 3.44 e.v. a t  0 
s tudies  of Dietz, Hopfield and Thomas (Ref. 24) have given a band 
edge s t ructure  
f o r  ZnS by the exciton studies of Wheeler and MiMosz3 (Ref. 25). This 
la t te r  work is. a lso i n  agreement wi th  the band ed-ee xCer i r s  zalziilated 
f o r  ZnS by Herman and Skillman (Ref. 26) using the orthogonalized-plane- 
wave (OW) method. 
Both compounds c rys ta l l ize  i n  the 
Furthermore, sulfur  is  adjacent t o  oxygen i n  
The direct  band gaps a t  - k = (000) are  similar 
0 K respectively), and exciton 
far ZnO a t  - k = (000) which is  identical. t o  that determined 
During the course of h i s  ear ly  investigation of ZnS, Xerman studied the 
behavior of the energy bands when all  of the core energy levels  a re  shif ted 
by a common amount - the  so-called "core sh i f t " .  The core s h i f t  was 
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or ig ina l ly  intended as a diagnostic device; however, it can be used t o  
grea t  advantage t o  relate the band s t ruc tures  of similar systems. Stated 
b r i e f l y ,  ce r t a in  energy band leve ls  a r e  extremely sens i t ive  t o  changes i n  
t h e  c r y s t a l  potentia3 while other  levels  are r e l a t ive ly  insensi t ive.  As 
one proceeds i n  a systematic fashion through a series of c lose ly  related 
c rys t a l s ,  it is  the s h i f t s  of the sensi t ive l eve l s  which provide the  most 
s ign i f icant  changes i n  the electronic  propert ies  throughout the sequence. 
A s  an example, Phi l l ips  ( R e f .  27) has shown t h a t  the band s t ruc ture  of S i  
can be obtained from t ha t  of G e  by appl icat ion of a su i t ab le  core s h i f t  
t o  t he  band s t ruc ture  of G e .  
ledge of how the important valence and conduction bands vary as a function 
of the core sh i f t  we have, i n  fact, an "adjustable" band s t ruc ture  
which can be chosen t o  determine other, c losely related band s t ruc tures .  
This describes t h e  "method of corresponding states." 
Thus, given a band s t ruc ture  and the know- 
We have car r ied  out t h i s  core s h i f t  procedure and have succeeded i n  
obtaining the  band s t ruc ture  of ZnO f r o m  t h a t  of ZnS thereby. 
of t h i s  calculation, given i n  Fig. 5-1, were obtained by using t h a t  core 
s h i f t  yielding the  correct  d i r e c t  gap at - k 5: (000). O f  i n t e r e s t  here 
is  the r e l a t i v e  f l a tnes s  of the upper valence bands, the  presence of a 
subsidiary conduction band minimum a t  K, and the presence of a valence 
band m a x i m u m  a t  H. conduction and valence bands 
along the  A-H axis should give rise t o  a marked increase i n  t h e  op t i ca l  
absorption a t  - 5.5 - 6.0 e.v. 
The results 
The near ly pa ra l l e l  
The r e l i a b i l i t y  of our results, of course, can be no b e t t e r  than that of 
the ZnS calculat ion used as a basis f o r  this  work. 
s tud ies  of Kindig and Spicer (Ref. 28) on CdS add t o  our confidence here. 
For many of the same reasons a l r e a d y  noted, t he  band s t ruc ture  of CdS 
5hOLd.d be similar t o  both t h a t  of ZnS and ZnO. ?"nese authors have shown 
that t h e  valence and conduction band dens i t ies  of e ta tee  are i n  good 
agreement w i t h  Zienran's ZnS calculation. We do expect, however, that a 
se l f -cons is ten t  band s t ruc ture  calculation may lead t o  results which d i f f e r  
from Fig. 5-1 i n  some respects. 
The photoemission 
5-3 
LOCKHEED M I S S I L E S  & SPACE COMPANY 
4 
I 
L n  
Q '  
2 
k 
w 
k 
\ ,  
Y 
a 
k 
For the sake of comparison, the free  electron (or "empty l a t t i c e " )  band 
s t ructure  (Ref. 29) f o r  wurtzite-tlfpe c rys ta l s  i s  given i n  Fig 5-2. This 
represents the band s t ructure  i n  the l i m i t  of zero c rys t a l  potent ia l .  A s  
the  c rys t a l  po ten t ia l  i s  ''turned on" on i t s  t r u e  value, the  f r e e  electron 
bands evolve in to  the actual  band structure as shown i n  Fig. 5-1. 
Another interest ing comparison i s  given i n  Fig. 5-3. Here we have compared 
the energy leve ls  a t  t h e  center of the zone (r) as given by three 
d i f fe ren t  methods: 
t he  band s t ructure ,  and a t i g h t  binding model ( t o  be discussed below). 
the  l e f t  hand column, we have taken the set of plane waves corresponding t o  
each degenerate eigenstate and have formed l inea r  combinations (designated 
by 
wave vector k = (000)CRef. 30) .  
electron levels  s p l i t  as the c rys ta l  po ten t ia l  is  "turned on" and the 
the  f r e e  electron model, our preliminary r e su l t s  f o r  
I n  
) transforming as the irreducible representations of the  group of the 
I n  this  way, it is shown how the f r ee  - 
correspondence between the f r e e  electron and ac tua l  band s t ructures  a t  a i s  established. 
In  the  r igh t  hand column, we have assumed t h a t  the electronic  wave 
functions a re  simply the  o rb i t a l s  of the  consti tuent neutral  atoms. The 
energy leve ls  were obtained from the work of Herman and Skillman (Ref. 3 1 ) .  
This would serve, f o r  instance, as the s t a r t i ng  point f o r  a l inear -  
combination-of-atomic-orbitabls (LCAO) calculations, (Ref. 32) As i n  
the  case of the plane wave s ta tes ,  we have taken the atomic o rb i t a l s  
corresponding t o  each degenerate eigenstate and have determined l i nea r  
combinations transforming as the irreducible representations of the group 
of the wave vector - k 
I7 -i 
nere, ps, 2nJ2 iden t i f i e s  the 4s s ta tes  of the  two (subscr ipt)  
i n  the uni t  c e l l .  
= (000) .  In  explanation of the notation used 
Zn atoms 
I n  both the f r e e  electron and t i g h t  bindine; cases, s ta te6  having the 
same irreducible representation w i l l  be mbed as the  c rys t a l  potent ia l  i s  
' 'turned on". 
and 0 @-orbitals as i s  the second highest valence band. 
The lowest conduction band is thus a mixture of Zn 4s-orbitals 
The highest 
J 
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Figure 5-2 Wurtzite Free Elec t ron  Band S t ruc tu re  
Free e l e c t r o n  band s t r u c t u r e  for close-packed hexagonal or wurtzi te- type 
c r y s t a l s ,  drawn f o r  t he  i d e a l  c/a r a t i o .  The heavy l i n e s  denote t h e  posi-  
t i o n s  of t h e  h ighes t  valence band and lowest conduction band f o r  c r y s t a l s  
having 16 valence e l ec t rons  p e r  uni t  c e l l .  
each band (no t  including sp in  degeneracy) and t h e  shaded reg ion  shows t h e  
The do t s  denote the  degeneracy of 
band gap. 
, 
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Figure 5-3 Comparison of  Band S t ruc tu re  Models a t  Center of B r i l l o u i n  Zone 
Comparison oi t h e  energy l e v e l s  as given by tlie f ree  e l e c t r o n ,  tit$it binding,  
and "ac tua l "  band structure models a t  Ir = (000) "lie t op  o r  tlie valence 
band liae neei? chosen a6 the zero e n e r a  f o r  all. three tnodels. Numbers i n  
parentheses denote the degeneracy of the levc lc ,  i w l  Itding s p i n  degeneracy. 
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valence band arises from 0 2p-orbitals. 
Our assignment of an atomic o r b i t a l  character t o  the various bands i s  
subject  t o  the following l imitat ions.  
all states of higher (or lower) energy than those indicated. 
therefore  expect t h a t  the energy bands of i n t e r e s t  (subject  t o  the  rules of 
group theory) w i l l  contain s m a l l  admixtures of these states. 
the 3d l eve l s  of Zn, which l i e  between the  oxygen 2s and 2p levels,  have 
f o r  the sake of s implici ty  been t rea ted  as core ra ther  than valence states. 
Actually, the 3d o rb i t a l s  f a l l  i n to  a c l a s s  that is between true "core 
states" ( v i r t u a l l y  no nearest  neighbor overlap) and "valence s t a t e s "  
In  the f i rs t  place, we have neglected 
We can 
Secondly, 
( s ign i f i can t  overlap). 
vary somewhat as k var ies  over the Bril louin zone, 
Finally,  the atomic character of the bands w i l l  
- 
The energy band s t ruc ture  of ZnO has been examined i n  a preliminary manner 
on the  basis of four  d i f f e ren t  theore t ica l  models: 
po ten t ia l s ,  t he  method of weak binding, t he  method of t i g h t  binding, and 
the method of corresponding states. The pseudopotential method was used 
t o  gain some physical ins ight  i n to  the nature of the band s t ruc ture .  
it was found t h a t  insuf f ic ien t  experimental information was avai lable  a t  
present t o  make possible a detailed band calculat ion on the basis of the  
pseudopotential method, the work we car r ied  out l ed  us t o  the  conclusion 
tha t  the band s t ructures  of ZnO and hexagonal ZnS were probably c lose ly  
related, and that the former could be deduced from the  later by the  method 
of corresponding states. 
ure of hexagonal. ZnS by Herman and Skillman, and making su i tab le  
adjustments i n  scale ,  an energy band model for ERG VE?C Gerivcd. 
p l a u s i b i l i t y  of the derived model was then tes ted  by tne  method of weak 
binding (nearly-free-electron model) and by the  method of t i g h t  binding 
(LCAO model'). 
ZnO was probably a good f i r s t  estimate. 
prove t o  be qui te  valuable because of the c ruc ia l  role tha t  t h e  e n e r a  band 
s t ruc tu re  can play i n  estimating the  energy l eve l s  of both surface states 
and bulk defect state. In  order t o  put th i s  work on a firmer tineoretical 
t he  method of pseudo- 
While 
Star t ing  from an e a r l i e r  study of the band s t ruc t -  
%e 
These tests indicated t h a t  OUT derived band s t ruc ture  fo r  
Further work in t h i s  area may 
0 
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foundation, carrying out detailed first-principles self-consistent energy 
band calculations for ZnO using the method of orthogonalized plane waves 
in the near future is under consideration. 
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Sect ion 6 
DIS CUSS I ON 
During the  course of t h i s  program, t h e  primary cha rac t e r i za t - Jn  of t h e  s o l a r -  
rad ia t ion- induced  damage t o  z inc  oxide has  been made i n  terms of t h e  changes 
i n  opt ica l .  p r o p e r t i e s  of t h e  samples. The r e l a t i o n s h i p s  e x i s t i n g  between t h e  
z inc  oxide employed i n  t h i s  work and t h e  material employed i n  thermal  c o n t r o l  
p a i n t s  i s  of p a r t i c u l a r  i n t e r e s t .  Although no b inder  materials were inc luded  
with t h e  pressed  and s i n t e r e d  samples, t h e  r e f l e c t a n c e  s p e c t r a  were found t o  
be q u i t e  similar,  over  t h e  wavelenGtli range of 0.27~ t o  2.5~1, t o  those of z inc  
oxide p a i n t s .  
average p a r t i c l e  s i z e s  of t,he o r i g i n a l  z inc  oxide powder and t h e  sample com- 
p a c t s  were approximately t h e  same, i nd ica t e s  - tha t  t h e  sample p repa ra t ion  pro-  
cedures d i d  no t  a l t e r  t h e  p rope r t i e s  of t h e  m a t e r i a l  t o  an apprec iab le  e x t e n t .  
There€ore, it i s  t o  be expected t h a t ,  exc lus ive  of b inder  e f f e c t s  and pigment- 
b inde r  i n t e r a c t i o n s ,  t h e  damage processes  observed i n  t h i s  s tudy  are similar 
t o  those  occurr ing  i n  z inc  oxide pa in t  systems. The r e l a t i v e  s i m p l i c i t y  of  
t h e  pure pigment system has l e d  t o  a b e t t e r  understanding of those  processes  
c h a r a c t e r i s t i c  of t h e  pigment, witllout t h e  added complexi t ies  of pigment- 
b i r d e r  i n t e r a c t i o n s .  
This observat ion,  i n  connection with the  f ind ings  t h a t  t h e  
0 
Througho~rt t he  coi.irse of l,.lro experimental  stludies, one ove r r id ing  t r e n d  i n  t h e  
d a t a  has been a p p u e n t :  aosf  - of  t h e  climges j.n t h e  opt ica l .  p r o p e r t i e s  of z i n c  
oxygen by t h e  c r y s t a l .  
- .  I .  (?L-! ~, . 7 
lilllJ 1;; U U T I I E  v u i  ricn ani-;; 'I;; tiie results of i r ra ! l ia i , lon  i n  vacuum and a i r ,  
bu t  a l s o  by the  changes i n  opt ical .  p r q p e r t i e s  indiLr:ed by s i n t e r i n g  i n  vacuum. 
Evidence i i i  support  o f  t h i s  p o i n t  l.ies i n  ihe observa t ion  t h a t  both t h e  
u It r av i o l e  t, - r ad  i a t  ion  - induce d dan z,? e mci me ch a n i  c ally - i nduc e d damag e c an b e 
r eve r sed  by exposure t o  a i r .  T1-!ef:r. rf?s1ilts r.mphaoizc t h e  need for i n  s i t u  
I 
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measurements of sample reflectance, since recovery and bleaching effects 
greatly limit the quantitative significance of post-exposure reflectance 
measurements. 
A major portion of the effort in this program has been devoted to development 
of the in situ bi-directional reflectance measurement and ultraviolet exposure 
apparatus, and to learning the strengths and limitations of this new analyt- 
ical tool. Excessive quantitative importance should not be attributed to the 
preliminary in situ data accumulated to date; however, the trends and qualita- 
tive behavior observed are extremely significant. 
situ measurements will play a crucial role in the construction and evaluation 
of a model for the mechanisms of optical damage. 
involved in observation of the spectral and temporal dependence of recovery, 
in situ measurements are mandator:i for accurate determination of the kinetics 
of damage and recovery. 
static tests involving only pre- and post-test property measurements. For 
instance, conditions can be altered during the course of a run as a result of 
data being obtained. In addition, the in situ tests provide a means for 
observing behavior of samples when in the simulated orbital environment, and 
thus are the best practical means for observing phenomena predicted on the basis 
of a postulated damage model. 
Further exposures with in -
-
Because of the complications 
In situ 2 e s t s  afford much greater flexibility than 
Of particular importance in diagnosing the degradation effects in ZnO are the 
characteristics of the degradation observed in various spectral regions. In 
most of the degradation observed, a "gray" absorption occurs throughout the 
spectral range studied (0.4 - 1.8 p). This absorption is very likely due to 
2 curface - irJFcr cf z y  ir; ;c;;12 fGLT, ,  C.;c?, 2 & q p s ; t  ;,zs 1 U C C I I  - -  - ~ u a t l i v t l d  i r i  Lilt. 
vacuum chamber and is an expected consequcnce of the degradation process. 
addition to this "gray" absorption, additional damage-induced absorption occurs 
in the 0.4 - 0.6 micron ("visible") region and in the 1 .O - 2.6 micron ("infra- 
red") region. 
In 
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Ssmples damaged by u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum, and by vacmun s i n t e r i n g  
both develop marked absorp t ion  i n  the  v i s i b l e  and i n f r a r e d  reg ions ,  as we l l  as 
e x h i b i t i n g  t h e  gene ra l i zed  lowering of r e f l e c t a n c e  throughout t h e  s p e c t r a l  
range s tud ied .  Samples damaged mechanically by means of high forming p res su res  
a l s o  e x h i b i t  damage i n  t h e  same regions,  which i s  f u r t h e r  enhanced by i r r a d i a -  
t i o n .  Thc q u a l i t a t i v e  s i m i l a r i t y  among t h e  va r ious  types  of damage s t r o n g l y  
suggests  one common underlying cause, which appears  t o  be t h e  presence or 
absence of oxygen. 
The f i r s t  experiments t o  be discussed are those  involving f i l t e r i n g  of t h e  
damaging r a d i a t i o n  soiirce. Two f i l t e r s  were used, a yellow f i l t e r  and a pyrex 
f i l t e r .  The yellow f i l t e r  c u t  o f €  r a d i a t i o n  below 0.40 p. and has  a 50 percent  
t r a n s n i s s i o n  near  0.)+25 p, and t h c  pyrex f i l t e r  cu t  o f f  r a d i a t i o n  below 0.28 p 
w i t h  a 50 percent  t ransmiss ion  ;L+- 0.32 p. ( see  Sec.  4.1+). 
The yellow f i l t e r  removes a l l  r n d i r t t i o n  with energy g r e a t e r  than the  band gap, 
and in  t h i s  case  only damage i n  t i l e  i n f r a r e d  was produced. The pyrex f i l t e r  
passes s i g n i f i c a n t  amounts of r a d i i t j o n  wi th  energy g r e a t e r  than  the  band gap, 
and i n  t h i s  case  v i s i b l e  damxge o tlirred and increased  i n f r a r e d  damage w a s  
observed. The u n f i l t e r e d  rad ia t iur ,  prodilced increased  v i s i b l e  damage b u t  l e s s  
i n f r a r e d  damage i n  comparison t o  i’ ie r e s u l t s  of t h e  pyrex f i l t e r .  The l a c k  of 
v i s i b l e  absorp t ion  i n  the  0 . 4  p f i l t e r  run and i t s  subsequent i nc rease  wi th  
inc reas ing  i n t e n s i t y  of band gap r ad ia t ion  i n  t h e  o t h e r  f i l t e r  runs i n d i c a t e  
t h a t  t h i s  damage r e q u i r e s  band gap r a d i a t i o n .  Because band gap r a d i a t i o n  i s  
absorbed very  near  tile su r f ace  (<o.i 11) the  v i s i b l e  absorp t ion  i s  presumably 
a s s o c i a t e d  wi th  damage generated near t h e  su r face .  
0 
Since t n e  yellow f i l t e r  on ly  passes r a d i a t i o n  wi th  energ ies  l e s s  than  t h e  band 
gap, t h i s  r a d i a t i o n  i s  r a t h e r  pcnc t ra t ing ,  and ‘inc i n f r a r e d  danage r e s i i l t i ng  I’ 
from t h i s  r a d i a t i o n  must, t he re fo re ,  ue generated i n  t h e  bulk of t h e  p a r t i c l e s .  
By p e n e t r a t i n g  r a d i a t i o n  i s  fiie&rL~ w i 7 t t i o n  whS ch c a n  pf’nctrnt,e 6ceply i n t o  
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t h e  bulk of t h e  p a r t i c l e s  because of  i t s  r e l a t i v e l y  low absorp t ion  c o e f f i c i e n t .  
This experiment on1.y shows t h a t  t l ie  damage i s  generated throughout t h e  bulk of 
t h e  p a r t i c l e s .  
on t h e  b a s i s  of t h i s  experiment,  r e s ide  throughout t h e  p a r t i c l e .  
The r e s u l t i n g  in f r a red  absorbing spec ie s  may not  n e c e s s a r i l y ,  
I n  comparison t o  t h e  yellow f i l t e r ,  t h e  pyrex f i l t e r  passes  a g r e a t e r  amount 
of  r a d i a t i o n  less  than t h e  band gap ( p e n e t r a t i n g  r a d i a t i o n )  i n  a d d i t i o n  t o  
pass ing  r a d i a t i o n  of energy g r e a t e r  than  the  band gap. 
increased  pene t r a t ing  r a d i a t i o n  increases  t h e  i n f r a r e d  damage. 
l a r g e  change i n  i n f r a r e d  dmage produced by r a d i a t i o n  between the  absorp t ion  
edge and 0.425 microns would ind ica t e  t h a t  t h e  r a d i a t i o n  producing t h e  i n f r a r e d  
damage i s  r a t h e r  near  t he  absorpt ion edge i n  energy. 
Apparently t h i s  
The r e l a t i v e l y  
The r e l a t i v e  decrease i n  t h e  inCrared absorp t ion  w i t h  no f i l t e r i n g  i s  presumably 
tile r e s u l t  o f  a s e l f - f i l t e r i n g  ac t ion  which comes about from the  increased  
t.isib1.e damage f o r  t h i s  case. 
f i l t e r  run and i t s  appearance i n  t l i ~  o the r  runs i n d i c a t e s  it a l s o  r equ i r ed  
band gap r a d i a t i o n .  
The lack  of t h e  "gray" absorp t ion  i n  the  yellow a 
The next  important s e r i e s  of exper\-ments a r e  those  involving the  u l t r a v i o l e t  
i r r a d i a t i o n  i n  a i r  of vacuum sintciwd samples which show recovery i n  t h e  v i s i b l e  
r eg ion ,  bu t  not  i n  t h e  i n f r a r e d ,  a f t e r  exposure.  Because t h e  v i s i b l e  absorp- 
t i o n  observed i n  vacuum s i n t e r e d  ;::unp.I e s  and samples degraded by u l t r a v i o l e t  
r a d i a t i o n  a r e  similar, t h e  disappf::j..ranc.e of v i s i b l e  absorp t ion  by bleaching a 
vacuum s i n t e r e d  sample would ind ica t e  t h a t  t h i s  visib1.e absorp t ion  and i t s  
e l i m i n a t i o n  i s  p r imar i ly  a su r face  phenomenon. 
t .hp jnfi-arad i : j ~ - l d  indj.catc t h z t  t h c  infrai-ed dzrxage is 10,caid i n  t h e  bulk ;  
i t s  b leaching  would presumably requi re  a much longer  time because of t h e  
Also t h e  - l a c k  of bleaching i n  
requirement f o r  a d i f f u s i o n  process .  
I 
The next  r e l a t e d  s e r i e s  of experiments wc Wish t o  disci iss  involve t h e  t i m e  
dependence of t h e  u l t r a v i o l  et-indi:i7d. degradat ion and i t s  recovery both i n  t h e  
v i s i b l e  and i n f r a r e d  reg ions ;  tfic7se 2re t h e  u l t r a v i o l e t  exposures performed 
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with  i n  s i t u  b i - d i r e c t i o n a l  r e f l ec t ance  measurements (Sec.  4.3).  Both t h e  
500°F and 100°F exposures show thtt t  i n  t h e  v i s i b l e  region,  t h e  t ime dependence 
of t h e  u l t r a v i o l e t  damage i s  cha r : ?c t c r i s t i c  o f  the t ime dependence observed i n  
t h e  slow photoconductive process ,  ,ihich i s  due t o  t h e  adsorp t ion  and desorp t ion  
of oxygen. 
t o  have a r a p i d  p a r t i a l  recovery i n  vacuum upon c e s s a t i o n  of i r r a d i a t i o n .  
Af'ter t h i s  fas t  behavior ,  no f u r t h e r  recovery i n  vacuum w a s  observed. This 
e f f e c t  i s  presumed t o  be connected wi th  the  r a p i d  r e t u r n  of r e s i d u a l  oxygen 
t o  t h e  su r face  upon removal of t h e  inc iden t  r a d i a t i o n .  
t o  the  slow photoconductive process .  
exposure, l i k e  the  v i s i b l e  absorpt ion,  i nc reases  and reaches a s a t u r a t i o n  
l e v e l  dur ing  i r r a d i a t i o n ;  however, no e s s e n t i a l  change was observed i n  vacuum 
when t h e  . i r r ad ia t ion  w a s  stopped. It must be noted t h a t  t h e  comments on 
sample dnsnsgc recovery are based on l jmi t ed  d a t a ;  f u r t h e r  evidence i s  r equ i r ed  
be fo re  any f i n a l  conclusions a r e  i n  o rde r .  
i s  f i r m l y  e s t a b l i s h e d ,  then  it supports t he  t h e s i s  t h a t  t h e  v i s i b l e  damage 
occurs  c lose  t o  the  su r face ,  whereas t h e  i n f r a r e d  damage i s  more of a bulk 
phenomenon. 
i n f r a r e d  reg ions  upon exposure of  the samples t o  a i r .  
process  w i l l  be more c l o s e l y  followcd i n  the  f u t u r e  t e s t s ;  we would expect 
t h a t  admission of a i r  t o  t h e  degraded systems would r e s u l t  i n  a more r ap id  
recovery i n  the  v i s i b l e  than  i n  t i i c  i i i l r a r cd  because of t he  pos tu l a t ed  re- 
quirement of a d i f f u s i o n  process  'cry Lhc l a t t e r .  
I n  the  500°F exposure, t he  damage i n  t h e  v i s i b l e  reg ion  appeared 
This again i s  similar 
The i n f r a r e d  absorp t ion  i n  t h e  500°F 
Howevcr, i f  t h i s  recovery p a t t e r n  
a 
Recovery w a s  observed t o  some ex ten t  i n  both t h e  v i s i b l e  and 
The k i n e t i c s  of t h i s  
The las t  experiments t o  b e  mentioiityri I I W C  j u s t  been i n i t i a t e d ;  t h e s e  a r e  t h e  
s t u d i e s  of p a r t i c u l a t e  samples of copper-ilopea z inc  oxitle ( see  Sec. 4 .1) .  
These s t u d i e s  were based on cons idera t ion  of c e r t a i n  a spec t s  of t ,he iiama.ge 
model (Sec. 2.6), and on t h e  observed behavior of' s i n g l e  c r y s t a l s  doped wi th  
copper and l i t h ium.  On t h e  b a s i s  of c:ontiuctivity mertsilrements, it has been I 
shoim t h a t  t he  Fermi l e v e l  can b e  depressed by 1 ev o r  rriore through doping 
wi th  group 1 acceptor  impur i t i e s  ( i . e . ,  l i t h i u m  o r  copper) (Sec. 3.1). 
i n g  of t h e  Fermi l e v e l  by a suf ' f ic ien t  amount may l e a d  t o  an emptying of t h e  
Lower- 
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sur face  s t a t e s ,  and consequently t o  s t a b i l i z a t i o n  o f  t h e  su r faces  of t h e  ZnO 
p a r t i c l e s  by reduct ion  of t he  f i e l d - a i d c d  d r i f t  o f  o p t i c a l l y  i n j e c t e d  holes  
toward t h e  sur face .  It might t he re fo re  be poss ib l e  t h a t  copper or l i t h i u m  
doping of ZnO would r e s u l t  i n  a r e t a r d a t i o n  of t h e  so la r - rad ia t ion- induced  
o p t i c a l  damage. The a v a i l a b l e  da t a  on t h e  copper-doped p a r t i c u l a t e  samples 
were shown i n  Fig.  4-13; the  coppcr-doped samples exh ib i t ed  a marked reduct ion  
i n  damage, as compared t o  t h a t  incur red  by "s tandard" samples (Fig.  4-6). 
These d a t a  must be i n t e r p r e t e d  with caut ion ,  s ince  (1) t h e  data r e l a t i n g  t o  
t h e  behavior  of' undoped Z n O  prepared i n  the  same manner as t h e  doped samples 
a r e  n o t  y e t  a v a i l a b l e ,  and ( 2 )  t h e  i n i t i a l  absorptance o f  t h e  doped sample was 
cons iderably  higher  than t h a t  of  tile "sta.ndard" samples. The data can be more 
meaningful ly  eva lua ted  a f t e r  the liridopcd p r e c i p i t a t e d  samples a r e  run. 
I n  Sec t ion  2.6 on t h e  working dei;-i~i~la,t ion model, t he  p o s s i b l e  impuri ty  mechanisms 
which g ive  r i s e  t o  t h e  obsenrwl v ' - i l . ) lc  and i n f r a r e d  damage were d iscussed .  
t h e  b a s i s  of t h e  e x i s t i n g  knowlcc~ f c l f  ZnO and t h e  experiments c a r r i e d  out  
he re  on p a r t i c u l a t e  samples t o  da'(', i t  has not been poss ib l e  t o  c l e a r l y  de f ine  
t h e  s p e c i f i c  impuri ty  t r a n s i t i o n s  Giving r i s e  t o  t h e  observed absorp t ions .  
However, some of t he  experiments ou t l ined  i n  Sec t ion  7 have been s p e c i f i c a l l y  
designed t o  he lp  r e so lve  some of  these  ques t ions .  
On 
0 
The work r epor t ed  h e r e i n  i s  cont inuing,  i n  an at tempt  t o  r e so lve  many o f  t h e  
ques t ions  r a i s e d  by t h e  foregoing  d i scuss ion ;  t h e  work l e a d s  toward t h e  formu- 
l a t i o n  of a complete, coherent model of t h e  o p t i c a l  damage i n  ZnO caused by 
s o l a r  r a d i a t i o n .  
I 
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Section 7 
CONCLUSIONS AND RECOMMENDATIONS 
CONCLUSIONS 
0 
0 
0 
0 
0 
0 
The initial reflectance spectra of Yne pressed and sintered particulate 
samples were quite similar to those of zinc oxide-pigmented thermal 
control paints, over the wavelength range 0.27 to 2.5 p. 
Solar-radiation-induced reduction in reflectance of the particulate 
samples over the same wavelength range was similar to that observed 
for zinc oxide paints. 
Most of the zinc oxide optical property changes observed in this 
program appear to be connected with the loss and gain of oxygen by the 
Z n O  . 
Solar-radiation-induced reduction in reflectance spectra of particulate 
samples essentially recovers upon exposure to air. 
The solar-radiation-induced reduction in the reflectance for visible 
energy is apparently initially generated near the surface, whereas 
reduction in infrared reflectance appears to be more of a bulk 
phenomenon. 
The effects in the particulate sample reflectance spectra produced by 
(1) solar-radiation in vacuum, (2) high sample forming pressure, and 
( 3 )  sintering in vacuum all appear to have the same origin. 
Sintering in vacuum appears to produce free zinc at the surface of the 
particulate samples. 
A working model f o r  solar-radiation-induced damage to the optical 
properties of zinc oxide has been formulated. 
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o The information available on diffusion rates in zinc oxide and the 
complex diffusion conditions near the surface prevent quantitative 
prediction of the time dependence of the damage processes. 
A band structure for zinc oxide was derived in a preliminary manner 
by the method of corresponding states. 
o 
o Ultraviolet exposures with in situ bidirectional reflectance measurements ,'. 
play a crucial role in the construction and evaluation of a model for 
the mechanism of optical damage to zinc oxide. 
7 . 2  RECOMMENDATIONS FOR FITTURF: WORK 
The following studies are considered necessary for confirmation, refinement 
and completion of the working model for solar-radiation-induced damage to the 
optical properties of zinc oxide. 
Work selected from these topics will be initiated during the remaining portion 
of this program. 
o Further studies of the kinetics of degradation and recovery of parti- 
culate samples, using the ultraviolet ex2osures with in situ bidirec- 
tional reflectance measurements. 
Further studies of the dependance of damage on irradiation wavelength 
(L. Hering studies) , with in situ measurements on particulate samples. 
Further studies of the dependeance of damage on sample temperature, 
with in situ measurements, with particular emphasis on the rate proc- 
esses as a function of temperature in order to clarify the role of 
diffusion in the damage process. 
Studies of damage recovery in the dark, and with f i l tp rer l  i l lmica t i cn ,  
at various oxygen pressures using in situ measurements of particulate 
samples. 
-- 
o 
-- 
o 
-- 
o 
-- 
o Irradiate a single crystal of zinc oxide in the attempt to produce 
measurable optical damage. 
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o Elec t ron  s p i n  resonance experiments on s i n g l e  c r y s t a l s  t o  h e l p  estab- 
l i s h  t h e  d e t a i l e d  na ture  of t h e  d e f e c t  states g iv ing  r i se  t o  t h e  
o p t i c a l  absorp t ion  observed i n  u l t r a v i o l e t  degraded ZnO. 
o Experiments designed t o  gain information p e r t i n e n t  t o  t h e  s u r f a c e  
b a r r i e r  he ights ,  sur face  charge d e n s i t y  and t h e  l o c a t i o n  of  t h e  sur-  
face  states i n  energy. As  an  example, t h i s  would inc lude  e x t e r n a l  
photoef fec t  measurements on metal-Zn0 su r faces  and s u r f a c e  f i e l d  e f f e c t  
measurements. 
Extend t h e  Cu and L i  doping s t u d i e s  o f  both p a r t i c u l a t e  and s i n g l e  
c r y s t a l s  wi th  p a r t i c u l a r  emphasis on t h e  photo desorp t ion-adsorp t ion  
process  v i a  s t u d i e s  of t h e  slow photoconductive process .  
P e r f o m  a d e t a i l e d  f i r s t - r , r i n c i p l e  s e l f - c o n s i s t e n t  energy band ca lcu la-  
t i o n  for z i n c  oxide us ing  the  method o f  or thogonal ized p l ane  waves; 
perhaps t h e  g r e a t e s t  importance of  t h e s e  c a l c u l a t i o n s  w i l l  be t h e  
a c q u i s i t i o n  o f  information l e a d i n g  t o  t h e  c h a r a c t e r i z a t i o n  o f  sur face  
and impuri ty  states. 
o 
o 
o Extend t h e  c a p a b i l i t y  o f  the i n  s i t u  b i - d i r e c t i o n a l  r e f l e c t a n c e  
neasurements f a r t h e r  i n t o  the  i n f r a r e d ,  t o  a l low obse rva t ion  of o p t i c a l  
behavior  beyond 2.41-1. during exposure tests.  
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Appendix A 
A PARTIAL BIBLIOGRAPHY OF RESEARCH ON ZINC OXIDE 
The publ ished l i t e r a t u r e  on the  semiconducting p rope r t i e s  of z inc  oxide i s  ve ry  
extensive ( f o r  example, one a r t i c l e  by Heiland, Mollwo and Stoclanann quotes 130 
r e fe rences ) ,  and the re  i s  a l s o  a large l i t e r a t u r e  on c a t a l y s i s  a t  ZnO sur faces .  
Much information on the  above subjec ts  e x i s t s  a l s o  i n  the  form of unpublished 
r e p o r t s  (such as t h e  Univers i ty  of Pennsylvania r epor t s  during t h e  1950's). 
Addit ional ly ,  t he re  i s  a l a rge  body o f  information (both i n  published and i n  
r epor t  form) on t h e  degradation of  zinc oxide p a i n t s  due t o  electromagnetic o r  
p a r t i c u l a t e  r ad ia t ion .  This information has not been s p e c i f i c a l l y  included i n  
t h i s  abbreviated l i t e r a t u r e  biblioc;raphy, but i n s t ead  enough of the  published 
, papers on zinc oxide as a ma te r i a l  so t h a t  r e s u l t s  which shed l i g h t  on damage 
mechanisms w i l l  have been repor ted  i n  a t  l e a s t  one paper. 
Some of  these  papers r e l a t e  t o  the  e l e c t r i c a l  and o p t i c a l  p rope r t i e s  of s i n g l e  
c r y s t a l s ,  or t o  impurity d i f fus ion  r a t e s  i n  s ing le  c r y s t a l s .  Others a r e  con- 
cerned with the  p rope r t i e s  of ZnO i n  powdered o r  mic roc rys t a l l i ne  form, and t h e r e  
a r e  fou r  review papers which attempt t o  cover the  whole f i e l d .  
Review A r t i c l e s  
G. 'Heiland, E. Mollwo and F. Stochnann, So l id  S t a t e  Physics Vol. 8, (Academic 
Press ,  1959), pp. 191 - 323. 
"Elec t ronic  Processes i n  Zinc Oxide" 
(A very exhaustive and wel l  documented survey a r t i c l e  of r e s u l t s  on 
both powdered and monocrystall ine zinc oxide, with 130 references  
up t o  1959. Describes the  e l e c t r i c a l  and o p t i c a l  p rope r t i e s ,  adsorp- 
t i o n  phenomena, impurity d i f fus ion ,  luminescence. ) 
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G. Heiland, International Summer Course on Solid State Physics, Ghent (1963) 
"Surface Properties of Zinc Oxide" 
(Notes associated with lectures given by Heilmd at this summer school 
in Belgium. 
information about processes on the ZnO surface up to 1963, field effect 
measurements, adsorption, etc. ) 
Contains nothing brand new, but gives a useful summary of 
E. Scharomky, Z. Phys. - 135, pp, 318 - 330 (1953) 
"Optical and Electrical Properties of ZnO Single Crystals with Zn Additions" 
(In German) 
(The foundation paper of ZnO single crystal work - essentially Scharowsky's 
thesis in which he describes how crystals are grown from a vapor phase 
reaction. 
he shows how excess zinc in the lattice provides conduction electrons 
and produces the famous "b" optical absorption between 0.37 and 0.65 
microns. ) 
Crystals were heated in Zn vapor at various temperatures and 
E. E. Hahn, J. Appl. Phys. 22, pp. 855 - 863 (1951) 
"Some Electrical Properties of Zinc Oxide Semiconductor" 
(This is probably the earliest general review paper we should take note 
There had been much earlier work on zinc oxide - notably the work of. 
of Carl Wagner and his group before World War I1 -but Hahn essentially 
brings us up to date to 1950 with the situation on ZnO pressed powders, 
the n-type conduction, the high resistance at intergranular contacts 
due to upturned bands.) 
F. F. Kenshtein (Th. Wolkenstein). 
"The Electronic Theory of Catalysis on Semiconductors',' MacMillan Co., N.Y., 
1963. (Translated from Russian) 
(AI excellent review and an extended version of concepts in his many 
-papers on the subject. ) 
i 
Ha E. Brown, ed., Zinc Oxide Rediscovered, 
The New Jersey Zinc Company, New York, 1957. 
(Extensive review of selecterl properties and commercial uses of zinc oxide.) 
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Sing le  Crys t a l s  - E l e c t r i c a l  P rope r t i e s  
G. Mesnard and C. Eymann, Comptes Rendus 258, pp. 3672 - 3675 (1964) 
"E lec t ron ic  P r o p e r t i e s  of Zinc Oxide S ing le  Crys t a l s  Containing Acceptor 
Elements!' ( I n  French) 
(Reports on ZnO s i n g l e  c r y s t a l s  grown by t h e  f lux method - us ing  a l e a d  
f l u o r i d e  f l u x  - r a t h e r  than  t h e  convent ional  Scharowsky vapor  phase 
approach. Crystals can b e  grown w i t h  up t o  1 percen t  of  acceptor  ele- 
ments such as l i th ium,  sodium, and copper. Such c r y s t a l s  a r e  s t i l l  
not  p-type,  bu t  have extremely small f r e e  e l e c t r o n  d e n s i t i e s ,  reduced 
i n f r a r e d  absorp t ion ,  but  a fundamental absorp t ion  edge d i sp laced  towards 
longer  wavelengths.  ) 
A .  R .  Hutson, J. Fnys. Chem. Solj.ds - 8, pp. 467 - 472 (1959 
"E lec t ron ic  P r o p e r t i e s  of ZnO" 
(A paper given a t  t h e  1958 Rochester conference.  Uses the rmoe lec t r i c  
and magnetoresis tance data i n  combination wi th  e x i s t i n g  H a l l  e f f e c t  
and conduc t iv i ty  d a t a  t o  e luc ida te  t h e  conduction band s t r u c t u r e  i n  
ZnO. Finds t h a t  t h e r e  should be a t  l e a s t  12 conduction band valleys 
of  r e l a t i v e l y  small mass anisotropy!  ) 
G. Heiland, J. Phys. Chem. So l ids  5, pp. 155 - 168 (1958) 
" F i e l d  E f f e c t  and Photoconduct ivi ty  i n  ZnO S ing le  Crystals'! ( I n  German) 
(Uses f i e l d  e f f e c t  and pho toexc i t a t ion  t o  s tudy  e l e c t r o n  mob i l i t y  i n  
t h e  su r face  l a y e r  of ZnO c r y s t a l s  t r e a t e d  i n  hydrogen t o  c r e a t e  an N+ 
su r face  layer. T r i e s  t o  measure e l e c t r o n  l i f e t i m e  from f u n c t i o n a l  
dependence of s teady  s t a t e  and chopped photoresponse,  while  gas cover- 
age i s  maintained nominally cons tan t .  ) 
A. R. Hutson, Phys. Rev. 108, pp. 222 - 230 (1957) 
" H a l l  E f f e c t  S tud ie s  of Doped Zinc Oxide S ing le  Crystals" 
I 
(A u s e f u l  review of t h e  temperature dependence of d e n s i t y  and m o b i l i t y  
of f r e e  e l e c t r o n s  i n  ZnO c r y s t a l s ,  t o  be used i n  conjunct ion wi th  o t h e r  
papers .  ) 
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Sing le  C r y s t a l s  - Opt ica l  P rope r t i e s  
D. G. Thomas, J. Phys. Chem. So l ids  E, pp. 47 - 51 (1959) 
" I n f r a r e d  Absorption i n  Zinc Oxide Crys t a l s "  
(Comments on l a t t i c e  absorpt ion bands a t  10.1 and 11.5 microns, u ses  
l i t h i u m  and indium doped s i n g l e  c r y s t a l s  t o  show how superimposed f r e e  
c a r r i e r  absorp t ion  i s  l i n e a r  i n  f r e e  e l e c t r o n  dens i ty ,  varies as cube 
of wavelength from 1 t o  6 microns.)  
R. Arneth, Z. Physilr 155, pp. 595 - 608 (1959) 
"On t h e  Absorption of ZnO Crys t a l s  i n  t h e  In f r a red"  ( I n  German) 
(Displays i n f r a r e d  r e s u l t s  i n  good agreement wi th  above r e fe rence .  
Also shows how a d d i t i o n s  r,licli as z inc  or copper l e a d  t o  a d d i t i o n a l  
near  u l t r a v i o l e t  and v i s i b l c  abso rp t ion  on t h e  low energy side of  
t he  "pure c r y s t a l "  i n t r in : - i c  absorp t ion  edge. ) 
Sing le  Crys t a l s  - Surface E f f e c t s  
G. Heiland, Disc.  Far .  SOC. 28, pp. 168 - 182 (1959) 
"Surface Conduct ivi ty  of Semiconductors and i t s  V a r i a t i o n  by Adsorption, Trans- 
v e r s e  E l e c t r i c  F i e l d s  and I r r a d i a t i o n "  
(A review of  Un ive r s i ty  of Erlangen work, p a r t i c u l a r l y  f i e l d  e f f e c t  
experiments,  on ZnO and o the r  semiconductors. The d i scuss ion  invo l -  
v ing  Heiland and F. S. Stone brought up t h e  p o i n t  as t o  whether any 
proof  e x i s t s  t h a t  oxygen from t h e  l a t t i c e  i t s e l f  as opposed t o  adsorbed 
oxygen i s  evolved on i r r a d i a t i o n  - methinks t h e  s t r o n g e s t  evidence 
he re  l i e s  i n  Co l l in s  and Thomas paper ,  Phys. Rev. 112. ) -
I -  --- \ G. Heiland, 7,. P h p i  l)i2, :. blS - L3.2 (syss) 
"The Surface  E l e c t r i c a l  Conduct ivi ty  of Zinc Oxide Crystals" ( In  German) 
(Concerned wi th  t h e  change of conductance of s i n g l e  c r y s t a l s  due t o  
change i n  t h e  su r face  condi t ion  fo l lowing  i r r a d i a t i o n .  Used 1 KeV 
e l e c t r o n s  as w e l l  as u l t r a v i o l e t  photons f o r  i r r a d i a t i o n .  ) 
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D. F. Anthrop and A .  W. Searcy, J. Phys. Chem. 68, 2335 - 2342 (1964) 
"Sublirnination and Thermodynamic P rope r t i e s  of  ZnO. I '  
-
(Mass spec t romet r ic  s tudy  of subl imina t ion  of ZnO. 
problem of t h e  anomalous r a t e  of  subl imat ive  of  ZnO i n  t h e  presence 
of zn vapor.  ) 
Resolves t h e  
E. Kh. Enikeev, C. Z. Roginsky and J. H. Rufov, Proc.  I n t e r n a t i o n a l  Conf. on 
Semiconductor Phys., Prague 1960. 
"Study of t he  Inf luence  of t h e  Adsorption of Gases on t h e  Work Function of  
Semiconductors. I t  
(Re la tes  t h e  work func t ion  and a c t i v a t i o n  energy of  adsorp t ion  and 
deso rp t ion  of oxygen on ZnO as a func t ion  of  su r face  coverage and 
L i  and Zn doping. ) . 
111. Wolkeristein, Disc Faraday SOC. 31, 209 - 218 (1961). -
(The problem of i o n i z i n g  r ad ia t ion  i n  t h e  adsorp t ive  and c a t a l y t i c  
p r o p e r t i e s  of a semicondlxtor i s  formulated wi th in  t h e  framework of  
t h e  e l e c t r o n  theory  of cliemisorption and c a t a l y s i s .  
bending and bulk paramet,crs of a semiconductor i n  r e l a t i o n  t o  t h e  
above e f f e c t s .  ) 
Discusses  band- 
G. Heiland, J. Phys. Chem. So l ids  - 22, pp. 227 - 234 (1361) 
"Photoconduct ivi ty  of Zinc Oxide as  a. Surface Phenomenon" 
(Discusses  f i e l d  e f f e c t  and photoconduct iv i ty  measurements on s i n g l e  
c r y s t a l s  i n  terms of t h e  motion of motion of  mobile c a r r i e r s  i n  a 
su r face  channel,  and t h e  t rapping  and recombination of e l e c t r o n s  and 
ho le s .  The d a t a  appears open t o  s e v e r a l  i n t e r p r e t a t i o n s .  ) 
I{. J. Krusemeyer, J. Phys. Chem. Sol ids  3, pp. 767 - 777 (1962) 
"vhn f ~ f l , . ~ . . , ~ -  ,C T . - l - C  A ____I-.- - . - A  n T 2 L  
A.IL ~ l l L L u c l l L c  u i g l l u ,  W A Y ~ C I I  ~ I I U  IUI b ~ u g e r l  OII iiie Fie1.d EYfeci, iviobiii-ty of 
Zinc Oxide Crystals. 
(Suggests t h a t  a r e s u l t  of o p t i c a l  abso rp t ion  i n  t h e  fundamental 
reg ion  i s  t h e  t r a n s f e r  of oxygen l a t t i c e  ions  t o  adsorp t ion  s i t e s  - 
from which they  can presimiahly l a t e r  desorb . )  
LOCKHEED MISSILES & SPACE COMPANY 
T. Wolkenstein and I. V. Karpenko, J. Appl. Phys. z, pp. 460 - 465 (1962) 
"On the Theory of the Photoadsorptive Effect on Semiconductors'' 
(Establishes a rather complicated criterion for adsorption or desorp- 
tion of oxygen upon illumination which appears to be able to reconcile 
the various experimental observations of Fujita, Terenin, Barry and 
Stone, and Barry.) 
R. J. Collins and D. G. Thomas, Phys. Rev. - 112, pp. 388 - 395 (1.958) 
"Photoconduction and Surface Effects with Zinc Oxide Crystals" 
(Remarks that the surface photoconduction in single ZnO crystals is 
too large to be explained by photo-desorption of adsorbed oxygen. 
Argues that actual photolysis must occur - light produces hole 
electron pairs, holes move to surface and discharge lattice oxygen, 
leaving a zinc-enriched surface region.) 
H. J. Krusemeyer, Phys. Rev. 2, pp. 655 - 664 (1959) 
"Surface Potential, Field Effect Mobility, and Surface Conductivity of ZnO 
Crystals" 
(Measurements on single r*~ystal s suggest that the bulk diffusion 
cm, and that the quantum efficiency of 
-5 length for holes exceeds 1.0 
the hold trapping process at the surface is a~pproximately unity for 
a neutral surface. ) 
D. G. Thomas and J. J. Lander, J. Piiys. Chem. Solids 2, pp. 318 - 326 (1957) 
"Surface Conductivity Produced on Zinc Oxide by Zinc and Hydrogen7 
(Studies the additional conductance of single crystals of ZnO caused 
Zn is adsorbed at room tempera- by adsorption of zinc or hydrogen. 
ture and the additional conductance is a surface effect, with 
evidence of impurity band conduction. ) 
LOCKHEED MISSILES & SPACE COMPANY 
Single Crystals-Diffusion Studies 
W. J. Moore and E. L. Williams, Disc. Far. SOC. - 28, pp. 86 - 93 (1959) 
"Diffusion of Zinc and Oxygen in Zinc Oxide" 
(A quite small diffusion coefficient for zine, governed by an activa- 
tion energy of 165 K cal, is found by using radioactive tracer tech- 
niques with single crystals. A mechanism based on thermally produced 
Frenliel defects is suggested. Radioactive techniques for oxygen 
yield a diffusion coefficient which is even smaller than for zinc. 
Vigorous discussion following presentation of this paper at an Ottawa 
symposium brought out the diversity of views on how zinc can propagate 
through the ZnO lattice.) 
D. G. Thomas, J. Phyc. Chem. Solids - 3,  pp. 229 - 237 (1957) 
"Interstitial Zinc in Zinc Oxide" 
(ZnO single crystals heated in zinc vapor, and the temperature depend- 
ence of the interstitial zinc solubility and diffusion coefficient 
inferred from the added conductivity. This method implies much 
€aster diffusion than radioactive methods suggest.) 
D. G. Thomas, J. Phys. Chem. Sol-ids 2, pp. 31 - 42 (1959) 
"The Diffusion and Precipitation of Indium in Zinc Oxide" 
(Indium coated on ZnO single crystals is dissolved and diffused in at 
This precipitates out on dislocations temperatures from 8OC-l3OO C.  
at lower temperatures when the solubility limit is surpassed, at 
rates indicating dislocation densities ranging from 10 to 10 cm . )  6 7 -2 
Single Crystals-Doped 
G. Bogner and E. Mollwo, J. Phys. Chem. Solids - 6, pp. 136 - l)+3 (1958) 
"On the Production of Zinc Oxide Single Crystals with Definite Additions" 
(In German) 
(Describes adaptation of the Scharowsky method for rn<king doped single 
crystals of ZnO. Shows liow the conductivity increases with indium 
I 
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a d d i t i o n  and decreases  with copper add i t ion ,  and how doping a f f e c t s  
t h e  i n f r a r e d  f r e e  c a r r i e r  o p t i c a l  absorp t ion .  ) 
H. Rupprecht, J. Phys. Chem. So l ids  6, pp. 144 - 154 (1958) 
"On t h e  Concentrat ion and Mobil i ty  o f  E lec t rons  i n  Zinc Oxide S ing le  Crystals 
wi th  Def in i t e  Addit ions."  ( I n  German) 
(Conduct ivi ty  and H a l l  e f f e c t  measured and analyzed f o r  t h e  indium- 
and copper-doped c r y s t a l s  of  Ref. 14.) 
J. J. Lander, J. Phys. Chem. So l ids ,  - 15, 324 (1960) 
"Reaction of Lithium as a Donar and Acceptor i n  ZnO."  
(Contains r e c i p e s  f o r  obta in ing  L i  donor and acceptor  s t a t e s  i n  ZnO 
and d i scusses  t h e  thermodynamic and k i n e t i c  a spec t s  of t h e  problem.) 
P. H. ICasai, Pliys. Rev., - 130, 989 - 995 (1.963) 
"Electron Spin Resonance S tud ie s  of Donors and Acceptors i n  ZnO." 
( I d e n t i f i e s  l e v e l s  and gives  e s t ima tes  f o r  them from an a n a l y s i s  of  
ESR experiments on Li and Zn doped p o l y c r y s t a l l i n e  ZnO.) 
Powders - Surface E f f e c t s  
Y. F u j i t a  and T. Kwan, I3ull. Chem. Soc.. Japan, z, pp. 379 - 380 (1958) 
"Photodesorption and Photoadsorption of Oxygen on Zinc Oxide" 
(Report d i r e c t  observat ions of gas - presumably oxygen - given o f f  by 
ZnO powder i n  vacuum under u l t r a v i o l e t  i l l umina t ion .  ) 
D. B. Medved, J. Chem. Phys. I 28, pp. 870 - 873 (1958) 
"Photodesorption i n  Zinc Oxide Semiconductor" 
(Also r e p o r t s  evolu t ion  of gas - presumably oxygen - by ZnO powder on 
2.1:. I l l . ~ ~ i ~ ~ . t i ~ f i .  C'GX~Z.YSS S~Z.~I-~EC:EGI~S ciii-v-es of gzts e-voiuLiuI1  ELI^^ 
photoconduct iv i ty  as a funct ion of t i m e .  ) 
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D. B. Medved, J. Phys. Chem. Solids, 20, 255 - 267 (1961) 
"Photoconductivity and Chemisorption Kinetics in Sintered ZnO Semiconductor" 
-
(Relates the "slow photoconductivity process to the chemisorption 
process which obeys the Elovich rate equation.) 
S. R. Morrison, Advances in Catalysis VI1 (Academic Press, 1955), pp. 259 - 301 
"Surface Barrier Effects in Adsorption, Illustrated by Zinc Oxide." 
(Explains time-dependent events in ZnO as the consequence of chemi- 
sorption with electron transfer across the surface potential barrier 
as the rate-determining step. Suggests that ionization of surface 
states is the primary rather than secondary result of absorption of 
light. ) 
H. J. Gerritsen, W. Ruppel and A. Rose, EIelv. Phys. Acta E, pp. 504 - 512 (1957) 
"Photoproperties of Zinc Oxide with Olmic and Blocking Contacts" 
(Studies fast and very slow photoconductive response for the finely 
divided powders of Ruppel et al. ) 
T. I. Barry and F. S. Stone, Proc. Roy. SOC. A.255, pp. 1.24 - 144 (1960) 
"The Reactions of Oxygen at Dark and Irradiated Zinc Oxide Surfaces" 
(Adsorption techniques including use of 180 used to keep track of 
oxygen on and off the surface of zinc oxide with a large surface to 
volume ratio. Results suggest that U.V. irradiation usually results 
in photodesorption, but that oxygen photoadsorption can occur when 
the ZnO has a large zinc excess - a not unreasonable result but one 
in direct conflict with 'i'erenin et al.) 
-
T. I. Barry, Proc. 2nd Int. Cong. Catalysis (Paris, 1960) pp. 1449 - 1457 
"The Adsorption of Oxygen on Zinc Oxide. The Effect of y Radiation." 
 he k i n e t i c s  c::ygc> eiicmissi-ptioi> oii ZiiG suriaces studies as a 
chemisorption of 0- at low temperatures and of 0' above 200 C. I 
Gamma radiation produces desorption of oxygen adsorbed at low tem- 
peratures, but there are complications when oxygen is pre-adsorbed 
at higher temperatures. ) 
k -9 
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W. Ruppel, H. J. Gerritsen and A. Rose, Helv. Phys. Acta 0, pp. 495 - 503 
(1957 ) 
"An Approach to Intrinsic Zinc Oxide" 
(Studies extremely finely divided zinc oxide powder, which can have 
an apparent resistivity of up to lo1' ohm cm. 
about 
The grain size of 
em resulted in enormous effects of adsorbed oxygen.) 
S .  R. Morrison and P. H. Miller, Jr., J. Chem. Phys. 25, pp. 1064 - 1065 (1956) 
"Adsorption of Oxygen on Zinc Oxide" 
(Measures directly the volume of oxygen adsorbed by powdered ZnO.  
The variation of this with the prior time-temperature-oxygen pressure 
history is suggestive of the ready diffusion of interstitial zinc 
away from and towards the surf ace at about 500 C .  ) 
P. H. Miller, Jr., Photoconductivity Conference (Wiley, 1956), pp. 287 - 297 
"The Role of Chemisorption in Surface Trapping" 
(A report to the Atlantic City conference on the work of the University 
of Pennsylvania group up to 1954. Reviews the experiments of Melnick 
and Medved on very slow and non-exponential decay of photoconductance 
in pressed powders in the light of Morrison's model f o r  surface 
barrier and adsorption effects.) 
E. Mollwo, Photoconductivity Con€erence (Wiley, 1956), pp. 509 - 528 
"Electrical and Optical Properties of ZnO. 'I 
(Reviews the work of Scharowsky and Heiland. Discusses both the rapid 
and the slow photoconducat ive response observable in pressed sintered 
layers. ) 
D. A. Melnick, J. Chem. Phys. &, pp. 1136 - 1146 (1957) 
"Zinc Oxide Photocondiupt ion, zr. k y g c r ,  ,l\,dsorp$lGii P~oce:s:s" 
(Much concerned with the very slow and non-exponential decay of photo- 
conductance in pressed powders, and its interpretation on the basis 
of Morrison's model. ) 
I 
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A. Terenin and Yu. Solonitzin, Disc. Far. Soc. 28, pp. 28 - 35 (1959) 
"Action of Light on the Gas Adsorption by Solids" 
(Results suggest that photodesorption of oxygen occurs when ZnO w i t h  
zinc excess is illuminated with U.V., but that oxygen photosorption 
occurs if the ZnO has excess oxygen!) 
Powders - Optical Properties 
V. N. Filimonov, Optika i Spektr. 2, pp. 709 - 711 (1958) 
"Electronic Absorption Bands of Z n O  and Ti0 
Spectrum" (In Russian) 
in the Infrared Region of the 2 
(Describes how infrared absorption by ZnO powder increases under 
ultraviolet irradiation in vacuum, and how it decreases again when 
oxygen is admitted to the system.) 
Thin Films 
V. K. Miloslavskii and N. A. Kova:lcnko, Optika i Spelctr. 2, pp. 616 - 617 (1958) 
"Absorption by Zinc Oxide in the 3nfrnred Region of the Spectrum" (In Russian) 
(Measurements of j-nfrareri optical transmission for sputtered films of 
Z n O  apparently with a 1:trgc excess of zinc, showing a strong absorp- 
tion peak at 5 microns which is attributed to an impurity band.) 
Catalysis 
F. Romero-Rossi and F. S. Stone, Proc. 2nd Int. Cong. Catalysis (Paris 1960), 
pp. 1481 - 1496. 
"The ZnO-Photosensitized Oxidation of Carbon Monoxide" 
(Is involved with the effect of' dopants such as Li and Cr in ZnO on 
the adsorption and photoailsorption characteristics of the surface. 
Results are discussed rc:Lative to oxygen adsorption. ) 
a 
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Appendix B 
B I - D I P 3 C T I O N A L  FEFLECTANCE APPARATUS 
B. 1 INTRODUCTION 
F=val.uation of t h e  e f f e c t s  of tlie space environment  on t,he o p t i c a l  p r o p e r t i e s  
OP materials g e n e r a l l y  c o n s i s t s  of expos ing  materials t o  t h e  s i m u l a t e d  env i ron -  
ment, and c h a r a c t e r i z i n g  material b e h a v i o r  by pre- and pos t - exposure  o p t i c a l  
propert ,y measurements.  T h i s  t e c h n i q u e  a l l o w s  use  o f  s t a n d a r d  o p t i c a l  i n s t r u -  
men? a t i o r i  i n  t h e  perfonnance of t l ie rneasurment s ,  and t h e r e f o r e  p e n n i t s  s e l e c -  
t i o n  o f  t h e  measuring techniqi ie  br.st siiit,cd t o  d e f i n i t i o n  o f  t h e  o p e r a t i o n a l  
p a m m e t e r s  r eq l i i r ed  of  t h e  o p t i - a 1  material. For  s i i r fnces  used t o  c o n t r o l  
s p a c e c r a f t  t e m p e r a t u r e s ,  t h e  solar nhqorptTnce can be o b t a i n e d  from s p e c t r a l  
r e f l e r  t a n c e  data meastired w i t h  e i t n e r  a n  i r i tpgraLing s p h e r e  o r  Coblentz  
hemisptiere.  However, such "s ta t i , ."  t e s t  d a t a  ( i . e . ,  w i t h  p r e -  and p o s t - t e s t  
meastirements o n l y )  cannot  accolirit f o r  p s s i h l e  pos t - exposure  r e c o v e r y  of t h e  
damaged material  d u r i n g  t h e  period p r e c e d i n g  t h e  measu r m e n t  s .  Exposure t o  
u l t  rav i o l e t  o r  high-energy r a d i a t i o n  i n  vac'iiiirn ppnor7 1 l y  redLices t h e  solar 
r e f l e c t a n c e  o f  w n i t e  p a i n t s ;  t h i s  damage i s  known t o  rpcove r  ~ i p o n  e-xposure 
o f  tlie i r r a d i a l e d  specimens t o  a i r .  P r e v i o u s  work a t  U4SC a l s o  i n d i c a t e d  
t h a t  w h i t e  m e t a l l i c  o x i d e  p igmen t s  w i thou t  a s~irroi indiny:  p a i n t  bi tider mie l i t  
r e c o v e r  q u i t e  r a p i d l y .  Furthemiore,  such r ecove ry  coil1 d o r c u r  i n  vacuum 
upon c e s s a t i o n  of i r r a d i a t i o n .  It i s  e v i d e n t  that prer-ise i n f o r m a t i o n  on 
u l t r a v i o l e t  d e g r a d a t i o n  of t h e s e  materials can o n l y  be o b t a i n e d  by  o p t i c a l  
p r o p e r t y  measurements performed i n  vacuum and d u r i n g  i r r a d i R t  i o n ;  f- e -  
i n  s i t u .  --- 
E- 1 
LOCKHEED MISSILES & SPACE COMPANY 
This  Appendix d e s c r i b e s  t h e  a p p a r a t u s  developed t o  o b t a i n  i n  s i t u  d a t a ,  and 
gi;ies a s y n o p s i s  o f  t h e  o p e r a t i n g  p r i n c j p l e s  and procedures .  
e x p o s i t i o n  o f  t h e  measurement t e c l ~ n i q u e ,  t o g e t h e r  w i t h  a f u l l  u n c e r t a i n t y  analy- 
sis, w i l l  be s e t  f o r t h  i n  t h e  Final. Report .  S ince  tliis a p p a r a t u s  i s  b e i n g  
used p r i m a r i l y  t o  observe  changes i n  s p e c t r a l .  p r o p e r t i e s ,  r e p r o d u c a b i l i t y  and 
r e s o l u t i o n  are t h e  e s s e n t i a l  perfnnriarire parameters .  These p a r a m e t e r s  are 
p r e s e n t e d  i n  S e c t i o n  €3.3 of t h i s  Appendix. 
A more complete 
The a p p a r a t u s  measures  a n  approxirnatjon of b i - d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e ,  
which can be d e f i n e d  as follows. Consider a d i f f e r e n t i a l  s u r f a c e  element  
i r r a d i a t e d  w i t h  e s s e n t , i a l l y  u n i d i r e c t i o n a l ,  monochromatic energy.  The b i -  
d i r e c t i o n a l  r e f l e c t a n c e  g i v e s  t h e  f r a c t i o n  o f  t h a t  energy t ,ha t  i s  r e f l e c t e d  i n  
a g i v e n  d i r e c t i o n .  Proper  i n t e g r a t i o n  o f  t h e  b i - d  i v c t i o n a l  s p e c t r a l  r e f l e c t -  
ance o v e r  t h e  h e m i s p h e r i c a l  s p a r e  ; i l iov~ t h e  s u r f a c e  ~ ' l e m e n t  w i l l  g i v e  the 
s p e c t r a l  r e f l e c t a n c e  o f  t h e  s u r f a c e  f o r  t h ?  s p e c i f i e d  u n i d i r e c t i o n a l  i r r a d i a -  
t i o n .  For  a t r u e  measurement of  b i - d i r e c t i o n a l  r e f l e c t a n c e ,  t n e  d i r e c t i o n s ,  
areas, and s o l i d  a n g l e s  involved i n  b o t h  sample i r r a d i a t i o n  and s i g n a l  d e t e c -  
t i o n  must be a c c u r a t e l y  s p e c i f i e d  and c o n t r o l l e d .  I n  tlie p r e s e n t  a p p a r a t u s ,  
due p r i m a r i l y  t o  t h e  n a t i r e  and d irnen.;ions o f  tlie 1 i g h t  p i p e s  used, such 
conLrol  i s  n o t  a c h i e v e d ;  however, it i s  no1 i i e r .~sza r? j  f n r  t h e  purposes  o f  
t h i s  s t u d y .  For convenience t h e  d a t a  o b t a i n e d  w i l l  be r c f p r r e d  to  as b i -  
directional r e f l e c t a n c e ,  s i n c e  t h a t  term most i iear ly  d e s c r i b e s  t h e  p r o p e r t y  
ineasiired. 
Conceptua l ly ,  t h e  a p p a r a t u s  c o n s i s t s  of a vacuurn e n c l o s u r e  w i t h  a sample t a b l e  
i n s i d e .  The chopped r a d i a t i o n  soiirce f 'or the r e f l e t - l a n c e  iiieasrircmeiIts i s  
c x t e r n a l  t o  t h e  vacuum chamber; i t s  r a d i a t , i o n  p a s s e s  t l iroii~<ii  a 1 ;mit pipe 
vhic l i  p e n e t r a t e s  t h e  chamber walls and i l l u m i n a t e s  Liie sample nt an angle of 
i n c i d e n c e  o f  IC30 (Fig. 53-1). 
-nt,c..rs siroI,lier l i g h t ,  p i p e  and p a s s e s  o u t  t h e  opposi t t .  :,ide ot' t i i f .  chamber t o  
a monochromator. A f t e r  p a s s i n g  through t h e  rnonorhrnmat r,r tile d i  spprsed  
s i g n a l  is d p t e c ' e d ;  the d e t e c t e d  s i g n a l  i s  amp1 ifjeci and f i l t ~ r e d  i n  f requency  
The merlcj r e f l e c t e d  sk)ev111arLy from tile sampJ.e 
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specular  measurements 
" e 
and phase,  cor responding  t o  t h e  chopper f requency  and phase .  
The i n t e n s e  source  of  damaging u l t r a v i o l e t  and v i s i b l e  r a d i a t i o n  is  a l s o  
e x t e r n a l  t o  t h e  vacuum chamber, and i s  i n c i d e n t  o n  t h e  sample through a high-  
p u r i t y  q u a r t z  window i n  t h e  t o p  of t h e  chamber. 
The r e f l e c t e d  s i g n a l ,  I ( A ) ,  i s  compared t o  a r e f e r e n c e  s i g n a l ,  Io(h ), o b t a i n e d  
by a l l o w i n g  t h e  two l i g h t  p i p e s  t o  " look" d i r e c t l y  at, each o t h e r .  
o f  these i s  t h e n  normalized such that t h e  i n i t i a l  b i - d i r e c t i o n a l  r e f l e c t a n c e ,  
o b t a i n e d  i n  a i r  b e f o r e  u l t r a v i o l e t  i r r a d i a t i o n ,  a g r e e s  w i t h  t h e  normal s p e c t r a l  
r e f l e c t a n c e ,  p ( h  ), measured w i t h  t h e  Cary Model 1l-C spec t rophotometer  and 
a s s o c i a t e d  i n t e g r a t i n g  sphere .  This  n o r m a l i z a t i o n  i s  based  on  one s e l e c t e d  
wavelength,  h The f i n a l  b i - d i r e c t i o n a l  r e f l e c t a n c e  (BDR) d a t a ,  as r e p o r t e d  
h e r e i n ,  are t h e r e f o r e  g iven  by t h e  f o l l o w i n g  e x p r e s s i o n  ( w r i t t e n  f o r  t h e  
wavelength A )  : 
The r a t i o  
N' 
P r o v i s i o n  i s  made f o r  (1) m t a t i o n  o f  tlie s a m p l p  t ab l e  a h o ~ i t  an a x i s  l y i n g  i n  
tlie faze  o f  t h e  sample and norn,31 t o  t h e  p l a n e  o f  + l i p  i i;.lit, p i p e s ,  aild ( 2 )  
r o t a t i o n  of t h e  r e c e i v i n g  l i g h t  I l i p e s  o u t  o f  t h e  plaite of  inLaidenc,e oP t h e  
of t he  incoming r e P l e c t a n c e  source  onergy ( S e e  F ig .  B - 1 ) .  A s  a r e s u l t ,  tiirougli 
p r o p e r  m a n i p u l a t i o n  of t h e  l i g h t  p i p e s  and t h e  sample fablci  t h e  f o l l o w i n g  
measurements can be made: 
c a s e ;  and ( 2 )  d i r e c t  beam t r a n s m i s s i o n  measurements f o r  angles of  inc idence  
( 1) b i - d i r e c t  i o n a l  r e f l e c t a n c e  Tor t h e  non-specirlar 
I'rom 450 t o  900. 
B . 2  DESCRIPTION OF APPARATUS 
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On t o p  of the  chamber a r e  mounted the u l t r a v i o l e t  i r r a d i a t i o n  source and i t s  
convection-cooled housing, w i t h  an  automatic lamp- i n t e n s i t y  monitor.  'Die 
housing i s  construct,ed t o  accommodate xenon, mercury-xenon o r  mercury-argon 
u l t r a v i o l e t  a r c  lamps, e i t h e r  a i r  o r  water-cooled. U l t r a v i o l e t  r a d i a t i o n  enters  
tlie chamber through a four- inch diameter,  one-half  inch t h i  clr S u p r a s i l  (Engelhard 
I n d u s t r i e s , I n c . )  window loca ted  on the cen te r  of t he  removable t o p  p l a t e .  
The samples a r e  mounted o n  a ho r i zon ta l  t h ree -  inch-d i -meter  s t a i n l e s s  Eteel 
t a b l e  loca t ed  two inches below t h e  S u p r a s i l  window. A d e t a i l  of t he  sample 
t a b l e  i s  shown i n  Fig. I3-3. The t a b l e  has a t t ached  cool ing  c o i l s  and an 
e l e c t x i c  r e s i s t a n c e  h e a t e r  f o r  temperature cont ro l  ovcr 1 fie range -370°F t o  
600°F. 
u l t r a v i o l e t  j l lumina t ion  o r  t o  l o r a t e  a l t e r n a t e  s m p l  es  f o r  i n  si t i i  op t i r , a l  
measurements. These movements par7 be accomplished while t h e  chamber i s  
m a  i n t a  j ned under high vacuum. 
The t a b l e  can be t r a n s l a t e d  t o  e x t r a c t  samples from t h e  reg ion  of  
I n  s i tu  ineasurements o f  sample t ransmi t tance  and h i -d i r ec  t i o n a l  r e f l e c t a n c e  can 
be performed w i t h  t he  u l t r a v i o l e t  soiirce on  o r  off', and under vacuum or 
ambient pressure  condi t ions .  The measurements arc perf(- ,r ined e s s e n t i a l l y  tis 
descr ibed  i n  Sec t ion  B.l. The sample t a b l e  a n d  tlic ~ i i i l q  of ?lie lielit, p i p : ,  
a r e  shown i n  Fig.  B-3. A schematic o f  the l i g h t  ~ ~ i ~ ~ e  Emmetry is showri i n  
Fig.B-1. The l i g h t  p ipes  and the sample t a b l e  are r i g i d l y  supported boI,il 
i n s i d e  and ou t s ide  t h e  chamber to  minimize t h e  p o s s i b i l i t y  of system mi. , -  
al ignment during chamber pump-down o r  r e  tu rn  t o  a tmosp l~e r i r  p ressure .  'il,e 
l i g h t  p jpes  and the sample t a b l e  support ing ami both pass through t h e  cliarii~~~~r 
walls iiis ide  f l e x i b l e  stainless s t e e l  bellows. 
The soiirce f o r  t h e  r e f l e c t a n c e  ( o r  t r ausmi t t ance )  msasur-,mciits i s  t h e  100b 
w a t t  tungs ten  lamp shown a t  the  right o f  Fig.  B-P. Ti': 1 -  oiitplk cf '  t l l i c  l amp 
i s  foc,\ised a t  t h e  end of one l i g l i t  p ipe  (a: ri[:l)t i n  f i r ~ i r ~ s j  a i i l  i l ~ t c r r i i p l e d  
by R twenty C .  P. S. synchronous-motor-driven rlioppnr. Enr.rf';y r e f l e c t e d  from 
t h e  sarilple and  striking tile cnd r T  the s"r'Tn4 l i i * t i i  Ilipe ( a i  l e f t ]  i s  
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c o l l e c t e d  and t r ansmi t t ed  t o  a co l l imat ing  l e n s ,  then  passed tnrough a mono- 
chromator. The d ispersed  s i g n a l  i s  f i n a l l y  measured by a photodetec tor .  The 
photodetec tors  used a r e  a RCA7200 photomul t ip l ie r  f o r  t h e  range 0 . 3  t o  0.7 
microns and a Kodal; l e a d  sulphide pho to res i s to r  f o r  t h e  range 0.7 t o  2 .4  
microns. The monochromator i s  a Pmsh and Lomb Grat ing Monochromator with 
interchangeable  g r a t i n g s  and va r i ab le  s3 i t s ,  which can be used over  t h e  range 
0.18 to 3.2 microns.  
l e f t  s i d e  i n  F ig .  B-2. The output  of  t h e  detect ,or  i s  ampl i f ied  by a narrow 
frequency band, phase s e n s i t i v e  amplifier (P r ince ton  Applied Research Lock-In 
Amplif ier  Model. JB-5) and recorded on  a mill iampere c h a r t  recorder .  
The monochromator and detect ,or  housings are shown a t  the  
Incorpora t ion  o f  t h e  narrow band ampl i f i e r  i n  conjunct ion wi th  t h e  mechanical 
l i g h t  chopper permi ts  t h e  measuremPnt of on ly  tlie r e f l e c t e d  energy which o r i g i -  
n a t e s  from t h e  tungs ten  source.  The high- iri.t,Pnsity u1.1,raviolet i r r a d i a t i o n  
(damage source) ,  which i s  predominantly d i r e c t  cu r ren t  w i t h  a s igni f ‘ ican t  120 
cycle  harmonic, i s  r e f l e c t e d  from the  sample and measured by t h e  d e t e c t o r .  
However, t h i s  background does not  afi‘ec t tlie amplif  ier  ou tpu t  s i g n a l  l e v e l .  0 
B* 3 M.EASUF3PENT PROCEDURE 
??le b i - d i r e c t i o n a l  s p e c t r a l  re f1  er::tance is det,emjned by rneasiiring t h e  s p e c t r a l  
energy r e f l e c t e d  from t h e  sample, ? ( A ) ,  w i t 1 1  f i le l i ~ l i t  p i p e s  on tiie p o s i t i o n s  
shown i n  F igs .  B - l  and B-2. 1”ren one pi&)e i s  m l a t e d  about i t s  a x i s  so as t o  
d i r e c t l y  view the  ot l ier  p ipe  wit 11 tile sampl p f a b l e  wit!idrawii. Die t r ansmi t t ed  
s p e c t r a l  energy, I o ( h ) ,  i s  measurl.d and tile r.:dio of tlie f i r s t  measurement 
t o  tlie l a t t e r  i s  p ropor t iona l  t o  t n e  b i  -d i re r  t i o n a l  r e f l e c t a n c e .  Tllis r a t i o  
as such h a s  no abso lu te  u n i t s ;  it i s  nomnl  ized a t  a p a r t i c u l a r  wavelength w i t h  
r e s r e c t  t o  t h e  normal s p e c t r a l  r e f l ec t an f , e  riiPaslired with an  i n t e g r a t i n g  sphere.  
(See  S e c t i o n  B . 1 ) .  
r e f l e c t a n c e  i n  t l i i s  repoi-t.  For a t e s t  dur ing  wliicii a s e r i e s  01’ b i - d i r e c t i o n a l  
r e f l e c t a n c e  spec t r a  a r e  des i r ed ,  oniy Lhe i n i t i a l  spectr im i s  normalized t o  be 
equal  t o  tlie normal y-f ler- tanre  sper t~ i i i r l .  Tli- stlp?eeding spertra are i n  s i t u  
The r e s u l t i n g  quaiit  i t y  i s  r e f e r r e d  Lo as b i -d i r e<- t io r i a l  
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measurements of  t h e  degradat ion i n  r e f l e c t a n c e .  See F igs .  4-1 through 'c-3 
f o r  examples o f  r e s u l t s  o f  t h i s  procedure.  
The procedure f o r  determining hi- ' i  i r e c t i o n a l  r e f l e c t a n c e  o u t l i n e d  i n  t h e  pre-  
ceding paragraph accounts  f o r  any degradat ion i n  t ransmi t tance  of t h e  o p t i c a l  
components, d e t e c t o r  s e n s i t i v i t y ,  o r  t ungs t en  lamp output .  It does not  account 
f o r  mechanical movement of o p t i c a l  components due t o  changes i n  s t r u c t u r a l  
loading  induced by chamber pump down o r  r e t u r n  t o  atmospheric pressure .  
changes a r e  minimized by proper apparatus  des ign  and checked by monitor ing 
eitlier t h e  r e fe rence  s i g n a l  ( I  ) o r  t h e  r e f l e c t a n r e  o f  a mir ror  dur ing  chamber 
p re s su re  changes. 
These 
0 
The sample temperature m u s t  be known dur ing  i r r a d i a t i o n ,  so t h a t  t h e  changes 
i n  o p t i c a l  p r o p e r t i e s  due tJo ul Lravio le t  degrada t ion  arid those  due t o  tempera- 
t u r e  change can be segregated.  To i l l u s t r a t e ,  t h e  inagnitude o f  t h e  e f f e c t  o f  
temperature  only on t h e  r e f l e c t a n r e  of z inc  oxide i s  siiotrn i n  Fig.  4-1. 
Procedures t o  determine sample temperature and rest . r : ic t  sample temperatures  
wi th in  d e s i r e d  l imits  have been developed. Di rec t  measlirement, by use o f  f i n e  
guage theirnocouples embedded i n  t he  samples, i s  not adgilate nor appropr i a t e  
because: (1) t h e  exact, magnitude of d.i.rect hea t ing  o f  the tliermocouple by t h e  
incident.  A-H6 energy i s  d i f f  icl-ilt t o  deterniiiie Yor eacli l , i ic~noco~..~ple,  and 
( 2) tlicrniocouples a r e  a p o t e n t i a l  source o f  s:mipIe coni.miination. 
Sample temperature  is  determined by c a l c u l a t i o n  of  the e n e r a  balance f o r  
the sample, us ing  experimental ly  dcterniined va lues  of inc ident  r a d i a n t  f l u x ,  
sample s p e c t r a l  r e f l e c t a n c e  and sanple-to- sampl-e-table contac t  conductance. 
Fie  thermal  conduct iv i ty  of standard z i n c  oxide sampl e s  is approximately 
0 .6  B tu / in . -h r  OF as repor ted  by Kingery i n  American Ceramic Socie ty  Vol. 
1954. P i e r e f o r e ,  f o r  t h e  hea t  exchange rates t y p i c a l  x'or tliese t e s t s ,  t h e  
temperature  dif 'ference through these samples is less  t,linn 10°F f o r  t y p i c a l  
t l i icl iness of 0.10 i n .  
3 7 ,  
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Sample temperature i s  given by t h e  equat ion:  
where 
S 
c 
T 
T 
Tst 
0 
E 
WA 
K 
sample su r face  temperature 
e f f e c t i v e  chamber temperature 
sample t a b l e  temperature 
Stephan-Roltzmann constant  
sample emit tance 
s p e c t r a l  i r r ad iance  of sample by A-H6 lamp 
s p e c t r a l  absorptance of z inc  oxide 
sample-to-sample-holder contac t  conductance 
This  equat ion  can be used because (1) tlie dominant r a d i a t i o n  absorbed by the  
sample i s  u l t r a v i o l e t  energy which i s  absorbed c lose  t o  t h e  sample sur face ,  
and ('2) tlie t o t a l  temperature  drop through t h e  sample i s  l e s s  t han  lG°F. 
0 
Inc iden t  r a d i a n t  €lux i s  determined with an Eppley radiometer  and monitored 
for successive runs with a f i l t e r e d  phototube. E and are determined 
from t o t a l  normal r e f l e c t a n c e  d a t a  over  t h e  reg ion  0.3 t o  20 microns, ob ta ined  
with the  Cary spectrophotometer and a Hohlraum re f l ec tomete r  w i t h  a ~ s o c i a t ~ e d  
spectrophotometer.  a h  i s  corrected f o r  damage with tlie i n  si tu measurements. 
Clear ly ,  i f  K 
one o f  measuring t n e  sample t a b l e  temperature.  UnfortuIirttely tile s tandard 
s l i i i e r e3  sailpies a l e  i i u i  I"iai, urd  t i i e y  UP b I G L L i f 2 .  i i i t ~ r e i ~ ~ r e  s*ciiiiacc a r e a  
between sample and sample t a b l e  i s  meager and c o n t a r t  p ressure  i s  n e c e s s a r i l y  
s m a l l  t o  minimize sample breakage. The b e s t  metliod 1,o increase  c o n t a r t  con- 
ductance employs a t h i n  l a y e r  o f  utisintered z inc  oxide powder i n  Lhe sample 
i s  very l a r g e  then  T -+ Tlst , and t h e  pmblcni i s  a. t r i v i a l  
S 
-1 
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recess ,  on which the  sample i s  pressed wi th  a stainless s t e e l  frame. This 
method removes t h e  p o s s i b i l i t y  of  contamination due t o  adhesives  o r  conductance 
p a s t e s .  Repeatable thermal contact  conductances are provided, and t h e  sample- 
t o -  sample t a b l e  temperature grad ien t  i s  l e s s  t han  10003' f o r  a l l  sample holder  
temperatures  i n  the  range -320 t o  +5OOOF,  and f o r  i r r a d i a t i o n  i n t e n s i t i e s  
t m i c a l  f o r  t he  AH-6 a t  a d i s t a n c e  o f  3 . 5  inches.  
The contac t  conductance w a s  measured by i n s t a l l i n g  instrumented s tandard  z inc  
oxide samples and hea t ing  the sample t a b l e  t o  approximately 5OOOF i n  seve ra l  
s t e p s  with t h e  AH-6 o f f .  A t  each s teady state condi t ion ,  t he  sample and 
sample t a b l e  temperatures  are recorded, and the  r a d i a t i o n  hea t  t r a n s f e r  
romputed. The contac t  conductance i s  given by: 
K =  1 %t - 'Is) 
Severa l  eva lua t ions  have repea ted ly  g iven  conductance values i n  t h e  range 
0 
d 0 . 3  t o  0 . 4  Btu/in.  -hr-OF. 
f o r  a l l  sampl-es i n s t a l l e d  i n  this fashion,  t h e  sample temperature  i s  computed 
w i t h  an expected e r ror  o f  I c s s  than *200F Tor tile range - 3 2 O O F  t o  5000F. 
Using tlie mean of  t he  above conductance va lues  
A d e t c i l e d  a n a l y s i s  o f  t h e  uncer ta i r i t i es  i n  t h i s  equipment, i s  underway, and 
w i l l  be presented  i n  t h e  f i n a l  repor t .  ?he r e p r o d u c i b i l i t y  o f  tlie b i -  
d i r ec t , i ona l  -r*erl-ectance d a t a  i s  within +> percent .  S p e c t r a l  reso lu t io i i  o f  
about 10 A i s  achieved f o r  wavelengths between 0 .3  and 0.8 microns; i n  tiie 
0 
U 
range between 0.8 and 2.4 microns the r e s o l u t i o n  is  approximat,ely 50 A. 
U - l i  APPLICATION OF DATA 
In t h i s  program, tiie " b i - d i r e c t i o n a l  r e f  lectancel '  d a t a  taken  011 tliis appara tus  
a r e  bejrig lised to  infer changes i n  nbsorpf  7nr 'p .  Tlir>i-n are two p o s s i b l e  
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o b j e c t i o n s  t o  t h i s  procedure,  which w i l l  be reviewed below. On t h e  macro- 
scopic  sca l e ,  r a d i a t i o n  s t r i k i n g  an o b j e c t  can do t h r e e  th ings :  
t r ansmi t t ed ,  ( 2 )  be r e f l e c t e d ,  or ( 3 )  be absorbed. 
(1) be 
One p o s s i b l e  o b j e c t i o n  i s  r e l a t e d  to  t h e  sample opac i ty ;  t r a n s m i t t e d  energy 
would be i n t e r p r e t e d  as absorp t ion .  However, f o r  t h e  sample th i cknesses  used 
i n  t h i s  program (0.070 i n . ) ,  t he  t ransmi t tance  i s  l e s s  t han  one percent  f o r  
t h e  wavelength range from 0 . 3  t o  2.0 microns.  
The second p o s s i b l e  o b j e c t i o n  is that b i - d i r e c t i o n a l  r e f l e c t a n c e  i s  not  a 
measure o f  a l l  energy r e f l e c t e d  f r o m  t h e  sample; changes i n  b i - d i r e c t i o n a l  
r e f l e c t a n c e  can be caused by changes i n  e i t h e r  t o t a l  abso rp t ion  o r  t h e  
d i r e c t i o n a l  d i s t r i b u t i o n  of t h e  r e f l e c t e d  energy. I n  genera l ,  t h i s  may be a 
valid ob jec t ion .  However t h e  s iLuat ion m u s t  be considered i n  l i g h t  of t he  
p a r t i c u l a r  samples under study. 
T'ne :;,amples a r e  composed of z inc  oxide p a r t i c l e s  w i t h  an average p a r t i c l e  
diaoieter of  0 . 3  microns; they  r e f l ec t ,  s o l a r  rad ia t . ion  through t h e  p rocess  o f  
back- sca t t e r ing .  The s tandard s i n t e r e d  z inc  oxide samples are observed t o  be 
nea r ly  d i f f u s e  r e f l - ec to r s  For all bu t  
h igh ly  graz ing  angles  it has been found t h a t  t h e  b i - d i r e c t i o n a l  s p e c t r a l  
r e f l e c t a n c e  of s tandard z inc  oxide samples j.s d i r e c t l y  p ropor t iona l  t o  t h e  
t.c)-tnl normai. s p e c t r a l  r e f l e c t a n c e  over tlie range 0.3 t o  2 .4  microns. 
t o  be e,xpect,ed f o r  d i f f u s e  samples. The r e a l  ques t ion  is :  what happens t o  
t,lie d i r e c t i o n a l  behavior  of t he  samples when they  are damaged. It i s  h igh ly  
uii l i l iely t h a t  t he  u l t r a v i o l e t -  induced damage causes  changes i n  -the real p a r t  
of the index o f  r e f r a c t i o n ,  o r  i n  p a r t i c l e  s i z e .  The damage produces changes 
i n  t h e  abso rp t ion  index. Now these  samples are composed o f  p a r t i c l - e s  which 
a r e  nea r ly  t h e  same s i z e  as the  wavel.erigth of  l i g i i t  be ing  considered,  and 
~ l i  i c n  have an indi.ces o f  refract;.ion wliich are seve ra l  o r d c r s  o f  magnitiide 
l a r g e r  t han  t h e i r  absorpti .on indices .  I n  si141 systems, t.iie d i r e c t i o n  of  l i g h t  
i n  t h e  range 0 .  3 t,o 2.4 microns.  
 his is  
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s c a t t k r i n g  is  c o n t r c l l e d  p r imar i ly  by t h e  p a r t i c l e  s i z e  and t h e  r e f r a c t i v e  
index. Consequently, t h e  damaged samples are expected t o  have t h e  same 
d i r e c t i o n a l  behavior  as the undamaged samples, i. e . ,  h igh ly  d i f f u s e .  When 
this  has  been checked by appropr ia te  r o t a t i o n  of the l i g h t  p ipes  ( s e e  Sec. B . l ) ,  
it has been found t o  be t h e  case.  
Consequsntly, f o r  t h e  study of  p a r t i c u l a t e  z inc  oxide samples, measurements 
o f  change i n  b i - , d i r e c t i o n a l  r e f l e c t a n c e  are v a l i d  i n d i c a t i o n s  of changes i n  
sample absorp t ion .  
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Appnriix C 
STATIC ULTRAVIST~~I EXPOSURE APPARATiS 
The s t a t i c  u l t r a v i o l e t  exposure chamber i s  shown i n  F igure  C-1. The t e s t  cham- 
ber  i s  a water-cooled s t a i n l e s s  s t e e l  b e l l  jar 14  inches h igh  and 14 inches i n  
d i a x e t e r .  The 1" diameter samples a re  mounted on a water-cooled, semi-cylinder 
copper sample holder  concen t r i c  with t h e  u l t r a v i o l e t  source and a t  a dis tar lce  
of 3.9 inches which r e s u l t s  i n  nominal i r r a d i a n c e s  of 5 "suns" of u l t r a v i o l e t  
energy. 
as tile Clnx d e n s i t y  .of e x t r a t e r r e s t r i a l  r a d i a t i o n  a t  one astronomical  u n i t  from 
t h e  s m ,  i n  t h e  wavelength i n t e r v a l  from 2000A t o  4000A. 
t i e s  t h e  s m p l e  temperatures  were maintained between 100°F and 125°F for a l l  
u l t r a v i o l e t  t e s t s  i n  t h i s  chamber. Tnermal con tac t  condactance between t h e  
sample and t h e  water-cooled copper sample holder  was c o n t r o l l e d  wi th  ind iv i&dal  
mounting frames which p res sed  t h e  back f a c e  of t h e  sample aga ins t  t h e  copper. 
Vacui;rris a r e  e s t a b l i s h e d  p r i o r  t o  i n i t i a t i o n  of u l t r a v i o l e t  exposure wi th  cryo- 
genic  so rp t ion  roughing purrips and an e l e c t r o n i c  high vacuum pump t o  avoid poten- 
t i a l  o i l  contamination problems. 
i n  t h e  l as t  p o r t i o n  of an exposure sz r iod  ayd before  t h e  lamp i s  s t a r t e d .  A t  
t h e  beginning of t h e  exposure pericJcl t he  pressure  t y p i c a l l y  r i s e s  t o  
A f l u x  d e n s i t y  of  one "sun" o f  u l t r a v i o l e t  energy i s  he re in  def ined  
0 0 
A t  t h e s e  f l u x  dens i -  
a 
The chamber p re s su re  i s  t y p i c a l l y  2X10-7 Torr 
Torr, because of  t h e  r e l a t l n l y  high in i - c i a l  "out gassing" of z inc  oxide 
under i - r r ad ia t  ion .  
%'le s o m c e  of u l t r a v i o l e t  energy is (1 1 Sd AH-6 (PEK Labs Type C )  h igh  p res su re  
mercdy-argon c a p i l l a r y  a r c  1m.p. Asproximately 5.5 pe rcen t  of thP 12mp' ? r z d i m t  
oLtput i s  i n  t h e  i n t e r v a l  from 20001 t o  1tOOOA. 
t n e  i n t e r v a l  2000i t o  26,000;. 
j a c k e t  anc v e l o c i t y  tube .  This  assembly i s  lowered i n t o  a qua r t z  envelope 
The lamp's  t o t a l  ou tput  i s  i n  
The lamp i s  water-cooled and has a quar tz  water  
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Figure C-1 
Ultraviolet Radiation - High Vacuum Exposure 
Apparatus 
c-2 
extended i n t o  t h e  exposure chmher  f'rom t h e  top .  The assembly can 'oe withdrawn 
t o  cnazge lamps without  d i s t u r b i n g  the  e s t a b l i s h e d  vacuum. Unless a lamp rup- 
t u r e s ,  it i s  rm f o r  100 hours,  and then  replaced.  
new lamp. 
t ime more i n  t h e  2000 - 3OOOA i n t e r v a l  t han  i n  t h e  3000 - 4000A i n t e r v a l .  
Therefore ,  for materials which are degraded p r imar i ly  by energy of wavelengths 
l e s s  t han  3OOOA, an o l d  lamp w i l l  produce l e s s  degradat ion than  a new lamp for t h e  
same t o t a l  u l t r a v i o l e t  exposure, expressed i n  sun-hours. 
e f f e c t  i s  achieved through fol lowing t h i s  s t anda rd  replacement procedure.  
I 
Each t e s t  i s  begun wi th  a 
This procedure i s  followed because t h e  AH-6 output  decreases  wi th  
0 0 
0 
Some c o n t r o l  over t h i s  
The u l t r a v i o l e t  i n t e n s i t y  i s  monitored e x t e r n a l  t o  t h e  vacuum chamber wi th  a 
c a l i b r a t e d  RCA 935 phototube i n  conJunct ion wi th  a Corning 7-54 f i l t e r ,  which 
t r a n s m i t s  only t h e  near  u l t r a v i o l e t  output  of  t h e  lamp. 
tube  i s  au tomat ica l ly  m a s u r e d  and recorded for a few minutes each hour wi th  a 
record ing  m i c r o m e t e r .  
o d i c a l l y  checked f o r  degradat ion i n  s p e c t r a l  t ransmi t tance  and cleaned o r  r e -  
p laced  as necessary.  
i n t e n s i t y  i n  t h e  2000 t o  3 O O O i  regicin t o  t h a t  i n  t h e  3000 t o  4000i reg ion  as a 
The output  of  t n e  photo- 
The in te rvening  quar tz  window and 7-54 f i l t e r  a r e  p e r i -  
Wnen des i r ed ,  IJ. Corning 0-51; f i l t e r  i s  used t o  compare t n e  
0 
measure of t h e  r e l a t i v e  degrada t ior  or' 1ar-p output  i n  t h e  s h o r t e r  wavelength 
r eg ions .  
'I'he e f f e c t  of u l t r a v i o l e t  r a d i a t i o n  on the  o p t i c a l  p r o p e r t i e s  i s  evali iated by 
measuring t h e  s p e c t r a l  r e f l ec t ance  
a Cary Model l 4  spectrophotometer z f i A  inLegra t ing  sphere i n  t h e  range (3.3 t o  
1.8 microns.  I n  some cases  a i3ec;vm~ DK-2 spectrophotorceter and i n t e g r a t i n g  
sphere :rere used t o  extend t h e  i n f r a r e d  measurement range from 1.8 microns t o  
2 .6  microns.  Both instruments  e f f e c t i v e l y  measure s p e c t r a l  near-normal reYlcctance.  
:v..ediately before  and a f t e r  i r r a d i a t i o n  wi th  
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Appendix D 
PHOTOCONDUCTIVITY 
The photoconductive response of Li  doped 7,110 was measured by a method f irst  
used by Haynes and Hornbeck i n  1953 . This experimental  procedure was l a t e r  
2 recommended as a s t anda rd  by  t h e  IRE. It involves  a small sample at t h e  semi- 
conductor with end con tac t s  connected t o  a cons tan t  cu r ren t  source.  A f l a s h  
of  l i g h t ,  genera ted  e i t h e r  e l e c t r o n i c a l l y  or with  a mechanical chopper, i s  
focused on t h e  sample and t h e  changes i n  conduc t iv i ty  of t h e  sample are 
measured as changes i n  t h e  vo l t age  across  the  sample. 
1 
For accura t e  l i f e t i m e  measurements, t h e  fo l lowing  experimental  parameters  are 
recommended: 
(a) 
( b )  
Peak conduc t iv i ty  modulation of  about 10 percent .  
The e l e c t r i c  f i e l d  across t h e  sample should not  be t o o  l a r g e ,  t o  
avoid sweeping t h e  c a r r i e r s  away and a l t e r i n g  t h e i r  d i s t r i b u t i o n  o r  
so s m a l l  as t o  l e t  d i f f u s i o n  e f f e c t s  predominate. 
The e l imina t ion  of photovol ta ic  e f f e c t s  a t  the  end con tac t s  by  
masking. 
0 
( c )  
( d )  Ohmic con tac t s .  
( e  ) Provis ion  f o r  background i l l umina t ion  t o  s a t u r a t e  those  t r a p s  c l o s e  
t o  t h e  va lence  band or t o  o p t i c a l l y  punip these  t r a p s  c l o s e  t o  t h e  
conduct i on  band. 
Rapid decay of t h e  l i g h t  source.  (f) 
(1) 
(2 )  
IInynes, J. R. and Hornbeck, J. R . ,  Phys. Rev. - '90(l953), 152 - 153 
Im Standards,  Proc.  I n s t .  Radio Engr. ,  N.Y. - 49 (1961), 1293 - 1299 
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The experimental  arrangement, as used i n  ZnO, i s  i l l u s t r a t e d  i n  t h e  b lock  
diagram of Fig.  D-2.  The l i g h t  source and a s s o c i a t e d  e l e c t r o n i c s  cons i s t ed  of 
a high vo l t age  (10 k i l o v o l t s )  power supply,  t h e  Abtronic  Point Light  Source 
which was an air d ischarge  spark  cap t h e  Abtronic  Time Delay Generator.  
The l i g h t  source had a decay time of 0.5 microseconds. 
Time Delay Generator was t o  de lay  the 1.ight f l a s h  f o r  a few microseconds a f t e r  
t h e  t ime base of a Tektronic  581. osc i l l o scope  had been t r i g g e r e d .  
The purpose of t h e  
The sample was mounted i n  a Su1.fria.n double dewar, f i t t e d  with appropr i a t e  
windows t o  a l low f o r  t h e  i l l umina t ion  of t h e  sample. A s  we l l  as be ing  a b l e  
t o  cool  t h e  sample, it was a l s o  poss ib l e  t o  h e a t  t h e  sample above room t e m -  
pera t l i re  by means of a h e a t e r  incorporated i.nto t h e  dewar. The leads from t h e  
scmple went through a vacuum s e a l  t o  a cathode fo l lower  (for impedance matching) 
and Lhc output  from t h e  cathode fol lower went t o  a Tektronic  581 osc i l l o scope .  
A 90 volt D.C. b a t t e r y  w a s  used as the  cons tan t  cu r ren t  source and was con- 
nec ted  ac ross  t h e  sample. The l i g h t  was focused on t h e  sample b y  us ing  a 
focus ing  bellows and a condensing l ens .  When background i l l umina t ion  w a s  a 
r equ i r ed  it w a s  provided by a 6 vo l t  D.C. tungs ten  lamp which was pos i t i oned  
t o  i l l u m i n a t e  t h e  sample. Provis ion w a s  a l s o  made f o r  f i l t e r i n g  t h e  background 
i l l w n i n a t  ion.  
I 
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